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ABSTRACT
The large range of pathology associated with the glenohumeral joint has
motivated the development of innovative technology to improve stability of the
glenohumeral joint. When considering a total shoulder arthroplasty (TSA), an additional
choice may be considered: the onlay or inlay glenoid component.
The purpose of this study is to examine the contact pressures and implant stability
associated with fatigue loading of these two types of glenoid components. The current
standard of choice is that of the onlay design, which sits proud to the surrounding tissue
and has a tendency to exhibit a rocking-horse loosening phenomenon. A newer option on
the market is the inlay design that sits flush with the surrounding tissue and seeks to limit
the rocking horse loosening of the implant. Functional and biomechanical comparisons
of these two components were made in the present pilot study.
Two matched pair shoulders (four specimens) were dissected of all soft tissue and
were potted in aluminum alloy fixtures and positioned on a custom testing apparatus.
The glenoid was positioned perpendicular to the floor, with the humerus secured for
testing in abduction angles of 10° (neutral carrying angle), 30°, and 60°. Biomechanical
testing of the specimens was carried out using dynamic and fatigue materials testing
software that articulated the humerus with respect to the superior-inferior and anteriorposterior axis of the glenoid. A flexible force sensor was positioned in the glenohumeral
joint to record the location of glenohumeral contact area and contact pressure during a ±5
mm humeral articulation under an applied joint compression force. Testing was
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performed in the native shoulder and again, following implantation. TSAs were
performed on all shoulders, one of each matched pair implanted with the onlay glenoid
and the other with the inlay glenoid. The study concluded with fatigue loading until
clinical loosening was observed.
Appropriate methods and testing have been established to test the glenoid loading
and stability through contact areas and pressures associated with the inlay and onlay
shoulder implant system. Future work will look to expand this protocol to a larger study
to determine the implant stability associated with the onlay versus the inlay glenoid
component.
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CHAPTER ONE
GENERAL INTRODUCTION
The shoulder joint is the most freely moving joint in the body and, due to the
normal anatomy of the joint, there persists a high tendency for instability. Chronic
instability and other degenerative conditions are commonly treated with a total shoulder
arthroplasty (TSA), of which both a standard onlay shoulder system and a newer inlay
shoulder system exist. This thesis describes the development of testing methods and pilot
results of a biomechanical comparison of an inlay versus onlay TSA shoulder system
with a focus on implant instability during cyclic fatigue in a cadaver model. This work
includes a literature review on the anatomy, the inherent instability, the common
pathology, and the current treatment methods of the shoulder.

1.1. Project Goals and Aims of the Study
The overall goal of this work seeks to determine if the inlay glenoid design
exhibits clinical fixation stability characteristics and joint-loading associated with
improved survivorship compared to the traditional onlay design. The most notable
difference between these two shoulder systems is the design of the glenoid component in
each. The TSA onlay shoulder system is defined by an onlay glenoid component that sits
on the surface of the articular surface. The TSA inlay shoulder system is the newer
option on the market and is defined by an inlay glenoid component that lays flush with
the surrounding bone. However, little research has been done comparing the two types of
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glenoid components. The work presented in this thesis seeks to add to this research
knowledge.
As part of this thesis, a literature review was conducted, followed by the
development and pilot implementation of testing methods towards three experimental
aims. The first aim seeks to prove that the inlay glenoid design promotes and increases
load-sharing with surrounding native glenoid bone compared to the onlay design. This
was to be measured in percentage of contact area and contact pressure of the loaded
glenoid region. The second aim of this study seeks to prove that the inlay glenoid design
exhibits greater implant-bone clinical fixation stability than the onlay design. This aim
was to be measured by clinical assessment of the implant and cement-mantle fixation at
pre and post-fatigue loading using Computed Tomography (CT) and clinically relevant
inspection. The third and final aim of this study seeks to prove that the inlay glenoid
design shows less potential for the rocking horse mode of failure than the onlay design.
This aim was to be measured through quantification of anterior and posterior edge
loading, looking specifically at contact area and pressure, and clinical assessment of
implant fixation and the cement-mantle interface before and after fatigue loading.
The work presented in this thesis was developed over 18 months, and focuses on a
comprehensive literature review and protocol development, followed by the presentation
of results and experimental analysis from four pilot cadaveric specimens, and
recommendations for future testing.
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1.2. Clinical Significance
The three experimental aims were developed in collaboration with clinical
orthopaedic partners at the Steadman Hawkins Clinic of the Carolinas (SHCC). The
inspiration behind the research originated from patient interaction in the SHCC clinic.
Patients who receive total joint replacements, like TSA, desire an eventual return to their
pre-joint-replacement activity level, many of which include sports and fitness activities,
and even weightlifting. The lifetime of a joint replacement is often decreased by
activities like these, but such decreased joint life is not limited to active individuals.
Even activities of daily living cause definite loosening of the glenoid component with
incidences of glenoid component radiolucencies in TSA at a 12 year follow up as high as
89% with a 44% incidence of definite loosening (Torchia, Cofield, & Settergen, 1997).
Pain is highly associated with shoulders that show definite evidence of this glenoid
loosening. Excessive movement within the glenohumeral joint contributes to this failure
and can be divided into superior-inferior movement and anterior-posterior movement.
Functional overhead activities have been found to generate superior and posterior erosion
of the glenoid which leads to shoulder pain and eventual surgical correction (Lee &
McMahon, 2002). Similar overhead activities with eccentric loading in the superior and
posterior direction after TSA (Burroughs, Gearen, Petty, & Wright, 2003) have been
thought to initiate rocking of the glenoid component which ultimately leads to component
failure (Schamblin, Gupta, Yang, McGarry, McMaster, & Lee, 2009).
Our clinical collaborators saw a trend specific to active patients that received a
TSA and who, after physical therapy, returned to their weight lifting activities expecting
to lift the same weight as they had prior to the TSA. Although this is not advised, it has
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been proven that some percentage of athletes who attempt to do this return for another
TSA because of this activity (Burroughs, Gearen, Petty, & Wright, 2003). Outcomes of
this thesis work seek to inform this relationship of joint loading and TSA stability in
hopes to improve the clinical recommendations for those receiving TSAs by determining
which shoulder system increases load-sharing, exhibits greater stability, and shows less
potential for the rocking horse mode of failure.
In addition to the experimental work, this thesis provides a literature review of
glenohumeral joint research and a detailed procedural review of the protocol
development and preliminary results in comparative testing of these two shoulder
systems: the onlay versus the inlay shoulder system.
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CHAPTER TWO
SHOULDER ANATOMY AND PATHOLOGY OVERVIEW
The analogy describing the glenohumeral joint as a golf ball on a golf tee is not
far off of the actual anatomic relationship of the shoulder joint. This relationship in size
between the humerus and the glenoid cavity is at the foundation of some of the problems
associated with this joint. This chapter focuses on the background of the glenohumeral
joint and its associated pathology.

2.1. Background of the Glenohumeral Joint
The surprising looseness of this joint has been known for almost a century. Henry
Gray, author of Anatomy of the Human Body, defined the shoulder joint as “an
arrangement which permits considerable movement, while the joint itself is protected
against displacement by the tendons which surround it” (Gray & Lewis, 1918). As the
most freely moving joint in the body, the glenohumeral joint is characterized by a range
of motion that surpasses any other joint in the body to accommodate the mechanical
demands placed upon it (Schamblin, Gupta, Yang, McGarry, McMaster, & Lee, 2009).
The multiaxial, ball-and-socket, synovial glenohumeral joint is comprised of three main
osseous structures: the scapula, the humerus, and the clavicle. The joint of articulation,
however, can be broken down into two components: the ellipsoidal humeral head and the
shallow concave glenoid cavity. The name of the glenohumeral joint implies the
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contribution of both the glenoid and the humerus to the motion of joint articulation. The
focus of this research is this joint, but most specifically what lies in the glenoid.
A

B

C

Figure 2.1 Parameters of the glenoid include glenoid (A) height, (B) width, and (C) version. (Strauss,
Roche, Flurin, Wright, & Zuckerman, 2009)

Three anatomic parameters of the glenoid that are relevant to prosthesis design are
glenoid height, width, and version, all which are shown in Figure 2.1. Glenoid height is
noted as the distance from the superior edge to the inferior edge of the glenoid cavity.
Iannotti et al reported a mean glenoid height of 39 mm with a range of 30-48 mm, but
glenoid width is a bit more difficult to represent with a single measure (Iannotti, Gabriel,
Schneck, Evans, & Misra, 1992). Not all glenoids are perfectly elliptical or oval. In fact,
Checroun et al found that 71% of the examined 412 glenoids were pear-shaped, indicated
by an upper width that is smaller than a lower width (Checroun, Hawkins, Kummer, &
Zuckerman, 2002). This shape is also displayed in Figure 2.1. The last parameter that
plays a role in prosthesis design is that of version, or the angular orientation of the
glenoid surface axis relative to the transverse axis of the scapula also shown in Figure
2.1. A posterior angle is called retroversion and is often linked to pathology of the
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glenoid. Couteau et al measured glenoid version in three groups of patients, those with
early rotator cuff tears, primary osteoarthritis, and rheumatoid arthritis. While most
literature cites a normal version from 2° to 9° retroversion (Strauss, Roche, Flurin,
Wright, & Zuckerman, 2009), Couteau et al found a mean glenoid retroversion of 8°
(range from 2°-17° retroversion) in the rotator cuff tear group, compared to the
osteoarthritis group with a mean glenoid retroversion of 16° (range from 0.2°-50°), and
the rheumatoid arthritis group with a mean glenoid retroversion of 15° (range 6°-22°)
(Couteau, Mansat, Mansat, Darmana, & Egan, 2001). All of these parameters will be
important when discussing the best surgical treatment for glenoid degeneration.
Unlike the hip joint that is characterized by a deep stabilizing socket in the
acetabulum, the glenoid is much too shallow to stabilize the head of the humerus on its
own. To complement and deepen the shallow glenoid cavity, a soft fibrocartilagenous
tissue rim called the glenoid labrum, shown in Figure 2.2, surrounds the socket to help
stabilize the joint.

Figure 2.2 Cross section of the right shoulder joint showing the complexity of the glenoid labrum (Marieb
& Mitchell, 2011)
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The fibrocartilage that makes up this rim is composed of many collagenous fibers and
acts as a shock absorber for components that are subjected to high amounts of pressure,
as is the case in the shoulder joint (Shier, Butler, & Lewis, 2010). This rim actually
deepens the socket by up to 50% (Lippitt, Rockwood, Matsen, & Wirth, 2009) and serves
as an attachment site for many of the ligaments in the shoulder (Shier, Butler, & Lewis,
2010). This ring of fibrocartilage helps provide congruency to the joint much similar to
how the meniscus functions in the knee (Wulker, Mansat, & Fu, 2001). Additional
structures contribute to the protection of the glenohumeral joint and overall stability and
integrity. The glenohumeral joint itself is protected from above by an arched
combination of the coracoid process, the acromion, and the coracoacromial ligament
(Shier, Butler, & Lewis, 2010) while the scapula as a whole acts as a muscle attachment
site for 17 muscles (Magee, 2006). This joint is highly dependent on these muscles and
static stabilizers (cartilage, ligaments, and joint capsule) to maintain its function as the
most freely moving joint in the body (Hess, 2000).
According to Gray & Lewis, four major peculiarities about this joint stand out.
The first is the large size of the humeral head in relation to the depth of the glenoid
cavity, even with the supplemental glenoidal labrum in place. The second is the overall
looseness of the joint capsule. The third is the delicate connection of the joint capsule
with the muscles that are attached to the humeral head. The fourth is the relationship of
the tendon of the long head of the Biceps brachii to the joint itself (Gray & Lewis, 1918).
Only the first of Gray & Lewis’ peculiarities will be considered to have a direct
contribution to this research because the other three peculiarities involve soft tissue,
which is removed in this study.
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As was defined in a protocol for the three-dimensional glenohumeral joint
kinematic coordinate system by Lee & Lee, the joint articulation is an asymmetric surface
gliding mechanism that cannot be easily defined by simple motions such as joint
translation and range of motion without consideration of the asymmetric anatomy (Lee &
Lee, 2010). This asymmetric geometry is due to the size of the head of the humerus in
relation to the size and depth of the glenoid cavity. The humeral head is oval, while the
glenoid fossa is pear-shaped, so the dimensions are not reciprocally curved. The glenoid
cavity surface area is only one third to one fourth that of the humeral head, while the
concave glenoid vertical diameter is 75% and the transverse diameter is 60% that of the
ellipsoidal humeral head (Peat, 1986). Despite these anatomic dimensional differences,
the joint must function properly throughout activities of daily living for the average
human lifetime. This includes protection of the bone by fibers that make up a rigid
connective tissue and extracellular matrix (Shier, Butler, & Lewis, 2010). To aid in the
protection of these articulating surfaces, articular cartilage on the head of the humerus is
thicker at the center of the head than along the circumference of the head, while the
reverse is present on the glenoid cavity- thicker around the glenoid cavity circumference
and thinner in the center of the pear-shaped cavity (Lippitt, Rockwood, Matsen, & Wirth,
2009). The shallow concavity of the glenoid and its articular cartilage is often seen in
pathology associated with the shoulder. Both of these features of the glenoid play a role
in the current study: the shallow concavity represents a reason for shoulder instability and
wear of the articular cartilage pains the joint. Both of these factors are reasons for
implantation of a TSA.
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Because the humeral head is much larger than the socket, only a portion of the
humeral head can be in contact with the glenoid fossa during articulation and therefore,
the surfaces are not congruent with each other and as a whole, the joint is loosely packed.
In a comprehensive look at the Functional Anatomy of the Shoulder Complex by
Malcolm Peat, it is noted that the only time when the joint can be in the close-packed
position is when the humerus is abducted and rotated laterally (Peat, 1986). Because the
boney arrangement of the joint allows considerable movement, tendons and ligamentous
tissue that surround the joint protect it against displacement by limiting the amount of
movement. The lack of congruency between the humeral head and glenoid is also altered
when a TSA is implanted. This will be shown in the current study.
Because the bony constructs that constitute the framework for the glenohumeral
joint are somewhat disproportional in size, soft tissue is needed to stabilize this joint. In
fact, in order to fully stabilize the joint, factors must be relied upon, including dynamic
muscle control, restraint from ligamentous tissue, and the intrinsic stability of the joint
with bone and labral constraints on the glenoid (Greis, Scuderi, Mohr, Bachus, & Burks,
2002). This unstable structure is complemented by the synchronous function of both
active structures in muscles and passive structures in ligaments (Mair, Latterman, &
Malone, 2013). With its extensive range of motion comes an increased propensity for
instability that is only resisted by a combination of active and dynamic joint stabilizers,
some of which are the four muscles of the rotator cuff (subscapularis, supraspinatus,
infraspinatus, and teres minor; (Wallmann, 2010)) and the long head of the biceps
(Gupta & Lee, 2005). It is these muscles that not only provide stability for the
glenohumeral joint but also transmit joint reactive forces that affect the joint
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biomechanics, contact area, and contact pressure within the joint throughout its range of
motion. Several studies have discovered the relationship between the magnitude of the
glenohumeral joint reactive forces with respect to the position of the joint and the ratio of
forces between key dynamic muscles like the supraspinatus and deltoid muscles (Poppen
& Walker, 1978) (Poppen & Walker, Normal and abnormal motion of the shoulder,
1976) (Apreleva, Parsons, Warner, Fu, & Woo, 2000). In other studies, the soft tissue of
the shoulder is often used to transmit forces to measure contact area and contact pressure
within the glenohumeral joint. However, because soft tissue was removed from all
specimens in the present study, the importance of such tissue may have to be evaluated
comparing an inlay and onlay glenoid component in a future study.
With the compilation of the bone structure, the ligamentous tissue, and the
supportive tendons, the shoulder joint is capable of a wide range of motion- greater than
any other joint in the human body. Some of these motions include flexion/extension,
adduction/abduction, and rotation/circumduction. Although a healthy shoulder joint has
the capabilities to move in these directions, an injured shoulder’s range of motion will be
compromised. Shier et al. mention that because the weak shoulder joint is supported
mainly by muscles instead of bony structures and ligamentous tissue, the articulating
surfaces are easily displaced or dislocated (Shier, Butler, & Lewis, 2010). However,
dislocations are only one of many pathologies associated with the glenohumeral joint.
All of these components in the shoulder are affected by pathologies- range of motion,
ligaments, muscles, tendons, and bones. Many of these bony pathologies accompanied
by restricted range of motion serve as reasons why a TSA would be performed, similar to
the present study.
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2.2. Shoulder Pathology
The inability of the glenoid cavity to contain the humeral head causes recurrent
instability and pathological conditions of the glenohumeral joint. Pathologies associated
with the shoulder complex can be categorized by the affected tissue: soft (muscles and
tendons) or hard (bone and cartilage) tissue. Common pathologies that affect soft tissue
include shoulder impingement syndrome, rotator cuff tendinitis and arthropathy, biceps
tendon disorders, and adhesive capsulitis. Those pathologies that affect hard osseous
tissue are shoulder instability, fractures, Hill-Sachs lesions, osteoarthritis, and
anteroinferior glenoid deficiency. In all shoulder injuries, disorders, and pathologies, it is
evident that the root cause is the shoulder’s extensive mobility, which in turn sacrifices
the joint’s stability.
Musculo-Tendonous Pathologies
Soft tissue pathologies associated with the glenohumeral joint cause a decrease in
the joint’s usually excessive range of motion. The rotator cuff muscles that lie between
the subacromial and suprahumeral space function to depress the humeral head into the
glenoid cavity during abduction or flexion to avoid impingement on the acromion
(Wallmann, 2010). However, when these muscles get irritated or inflamed from overuse
or trauma, shoulder impingement syndrome can lead to chronic pain and wear, and
eventual tear of the rotator cuff muscle tendons. A secondary inflammatory response that
is usually linked to overhead activities, such as baseball throwing, results in rotator cuff
tendinitis (Wallmann, 2010). Also involving the rotator cuff, the condition of the
shoulder that includes rotator cuff tear coupled with debilitating arthritis and loss of
cartilage is called rotator cuff arthropathy. Rotator cuff arthropathy is often caused by
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failure of the rotator cuff, which causes the head of the humerus to be misplaced on the
glenoid and show “high-riding” (Gibbons). Another region of common soft tissue injury
is the biceps tendon that attaches to the superior labrum and also functions to aid in
humeral head depression and stabilization. With overuse and trauma, biceps tendonitis is
often a prominent shoulder pathology (Magee, 2006). The last most common soft tissue
pathology associated with the shoulder is that of adhesive capsulitis, more commonly
known as frozen shoulder. Although the cause is largely unknown, this condition results
in the shoulder becoming partially or entirely immoveable (Some common pathologies of
shoulder, 2013). This fairly common ailment of patients aged between 40 and 60 years
of age causes development of restriction of both active and passive joint range of motion
in all planes (Wallmann, 2010). All of these soft tissue conditions are directly related to
the mobility of the shoulder, but the more common pathologies affect the hard osseous
tissue, which is the focus of this research.
Joint Pathologies
Because the humeral head is nearly three times the size of the shallow glenoid
cavity, the glenohumeral joint experiences excessive instability throughout its range of
motion leading to significant damage to the hard tissue (Scuderi, McCann, & Bruno,
1997). These conditions of instability are not limited to a one time occurrence. In fact,
the prevalence of shoulder instability after a single injury, such as a shoulder dislocation,
is high in athletes and non-athletes alike. Burkhart and De Beer found a 67% instability
recurrence in patients with significant defects of either the humeral head or glenoid, and
an 89% instability recurrence in contact sport playing athletes with these same bone
defects (Burkhart & De Beer, 2000). Shoulder instability is classified as an all-

13

encompassing term to describe overall pathologic laxity and unwanted translations of the
glenohumeral joint. These are broken down into translation, which is movement of the
humerus with respect to the glenoid, dislocation, which is complete loss of the humeral
head articulation with the glenoid, and subluxation, which is partial loss of the humeral
head articulation with the glenoid (Wallmann, 2010). The osseous configuration of the
joint contributes to the findings that it is the most commonly dislocated joint, with 90%
of the dislocations occurring anteriorly (Brotzman & Wilk, 2003). Bony injuries and
fractures can also occur within the shoulder complex, with fractures to the clavicle,
proximal humerus, acromion, glenoid, and scapula (Wallmann, 2010) by which a fall or
blow to the point of the shoulder is the most common mechanism (Scuderi, McCann, &
Bruno, 1997). Several studies have found that direct shoulder impaction forces are the
most common mechanism by which isolated fractures to the greater tuberosity of the
humerus are formed (Bigliani, Flatow, & Pollock, 1996) (George, 2007) (Green & Izzi,
2003). It is shown that these lateral forces cause the greater tuberosity to impinge on the
acromion or the glenoid (George, 2007). Fractures of the greater tuberosity of the
proximal humeral head are often easily confused with other osseous tissue pathologies,
most specifically that of the Hill-Sachs lesion.
Back in 1940, Harold A. Hill, M.D. and Maurice D. Sachs, M.D. found a grooved
humeral head defect in 74% of their patients who experienced recurrent shoulder
dislocations (Hill & Sachs, 1940). This defect, in comparison to the usually confused
greater tuberosity fracture, is a true compression fracture that results from impaction of
the soft cancellous bone of the posterolateral humeral head against the dense anterior
glenoid rim (Sekiya, Wickwire, & Stehle, 2009). The mechanism behind this stems from
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the ligamentous structures being tensioned during a humeral head dislocation which in
turn builds potential energy that is released sending the soft spongiform bone of the
humeral head into the much harder cortical bone of the anterior glenoid rim (Provencher,
Rose, & Peace, 2011). These lesions, a perfect example of which is shown in Figure 2.3,
are located on the articular surface of the posterior humeral head and cause recurrent
shoulder instability (Begly, Wild, Garzon-Muvdi, Carrino, & McFarland, 2012).

Figure 2.3 Axillary radiograph of a 23-year-old patient who sustained an anterior shoulder dislocation due
to the Hill-Sachs lesion shown by the arrows (Provencher, Rose, & Peace, 2011)

Anterior shoulder dislocations are often associated with these lesions due to the loss of
the convexity of the humeral head by this large bony defect that affects shoulder stability.
Similar to translations, subluxations, and dislocations, Hill-Sachs lesions are linked to
high injury recurrence rates. According to a study performed by Calandra et al, after a
first time anterior dislocation, the incidence of Hill-Sachs lesions in primary anterior
dislocations is as high as 47% to 51% (Calandra, Baker, & Uribe, 1989). In fact, any sign
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of anterior shoulder instability is cause for worry of developing Hill-Sachs lesions, not
only after a first time anterior dislocation. Many studies have proven a 40-90%
prevalence of Hill-Sachs lesions occurring in a population with a history of anterior
shoulder instability (Hintermann & Gachter, 1995) (Saupe, White, & Bleakney, 2008)
(Yiannakopoulos, Mataragas, & Antonogiannakis, 2007).
Articular Degenerative Pathologies
Glenohumeral osteoarthritis, also known as degenerative joint disease of the
shoulder or shoulder osteoarthritis, is defined as a gradual, progressive, mechanical, and
biochemical breakdown of the articular cartilage and other tissues, such as osseous tissue
and the joint capsule (Peter, Millett, & Robert, 2008). The articular cartilage softens and
disintegrates gradually over time, roughening the articular surface causing intense pain
and restricted movement. Osteoarthritis is the most common etiology leading to joint
replacement in orthopaedics, especially in the glenohumeral joint (Keller, Bak, Bigliani,
& Levine, 2006). Although often overlooked by general practitioners, this inflammatory
pathology can often lead to depression, anxiety, activity limitations, and job performance
problems (Memel, Kirwan, Sharp, & Hehir, 2000). For primary osteoarthritis, the most
common pattern is posterior glenoid wear that often leads to posterior instability due to a
decreased posterior wall height. This causes the native joint reactive force to translate
posteriorly within the glenoid, which causes an off-axis moment and a posteriorly
directed shear force across the face of the glenoid (Iannotti, Spencer, Winter,
Deffenbaugh, & Williams, 2005). This progressive and irreversible destruction of the
articulating glenohumeral surface most often damages the chondral surface on the
condyle of the joint. Overhead athletes have been found to suffer recurrent microtrauma
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to the shoulder and to have chondral injury rates as high as 17% (Paley, Jobe, Pink,
Kvitne, & ElAttrache, 2000). Dislocation, once again, poses higher rates of instability as
47%-100% of patients with dislocations, both acute and recurrent, have chondral shear
injury that leads to osteochondral injury of the humeral head (Hintermann & Gachter,
1995) (Norlin, 1993). Osteoarthritis is actually the most common type of arthritis,
affecting 20.7 million Americans (Shier, Butler, & Lewis, 2010) and approximately
20,000 new cases each year (Strauss, Roche, Flurin, Wright, & Zuckerman, 2009). This
is the most common shoulder pathology, but another is that of anteroinferior glenoid
deficiency.
Anteroinferior glenoid deficiency is a condition that usually accompanies
pathologies that have been previously mentioned, and is the major indication for the
glenoid component replacement, which is the focus of this study. Many studies have
shown that glenoid defects often are directly related to recurrent instability, osseous
fragment and fracture, Hill-Sachs lesion, dislocation, and subluxation (Burkhart & De
Beer, 2000) (Sugaya, Moriishi, Dohi, Kon, & Tsuchiya, 2003) (Lo, Parten, & Burkhart,
2004). Anteroinferior glenoid deficiency is the loss of glenoid bone in the anteriorinferior region of the glenoid, resulting from recurrent anterior instability due to altered
static glenohumeral restraints that affect the glenohumeral contact area (Itoi, Lee,
Berglund, Berge, & An, 2000). The overall loss of glenoid bone in the anteroinferior
region decreases the available articular arc between the humerus and glenoid, which
engenders a mismatch that permits dislocation. These defects are very common in most
cases of recurrent shoulder instability. In a study performed by Taylor et al, it was
reported that there was some degree of osseous deficiency in up to 22% of patients who
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had experienced an initial dislocation (Taylor & Arciero, 1997). For those with recurrent
instability, 0%-90% of patients have been found to present some degree of glenoid bone
loss (Rowe, Patel, & Southmayd) (Sugaya, Moriishi, Dohi, Kon, & Tsuchiya, 2003) (Lo,
Parten, & Burkhart, 2004). When a prior stabilization procedure has failed, 89% of
patients show this same glenoid deficiency (Burkhart & De Beer, 2000).
These studies show that the glenoid is an easily eroded osseous tissue with
overuse and trauma. Following diagnosis, these glenohumeral pathologies must be
corrected using various medical options for shoulder reconstruction. The large range of
pathology associated with the glenohumeral joint has motivated the development of
innovative technology. One of the following shoulder replacement procedures is the
focus of this research to improve stability of the glenohumeral joint.
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CHAPTER THREE
CORRECTIVE SHOULDER PROCEDURES
All of the previously mentioned pathological conditions necessitate some form of
treatment. When conservative treatment methods such as non-steroidal antiinflammatory medications, corticosteroid injections, and physical therapy fail, surgical
options must then be considered. Soft tissue pathologies are most often treated with
surgical procedures, but these will not be elaborated upon in this thesis. Only corrective
procedures that involve the hard tissue in this study will be elaborated upon. Osseous
tissue pathologies, most specifically osteoarthritis, Hill-Sachs lesion, and recurrent
instability, are treated with more aggressive surgical procedures, which include shoulder
arthroplasty and tissue grafting. The three main types of shoulder reconstruction that
require prosthetic components are total shoulder arthroplasty (TSA), humeral
arthroplasty, and reverse total shoulder arthroplasty (RTSA). There persists great
controversy between these procedures as to which treatment choice is best for certain
pathologies. From this controversy, the discrepancies between procedures can be seen
and the reasons why TSA was focused on in this study. These procedures are elaborated
upon in the next section.

3.1. Total Shoulder Arthroplasty
In 1951, Charles Neer II introduced a treatment for severely displaced fracturedislocations of the humerus in what he termed glenohumeral arthroplasty. Since then, its
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use has extended to other pathologies but the implant design concept has not changed
much as shown in Figure 3.1.

Figure 3.1 The original Neer humeral head implant (left) is not much different from later models. (Keller,
Bak, Bigliani, & Levine, 2006)

End-stage glenohumeral osteoarthritis is most often treated with the standard of choice, a
total shoulder arthroplasty (TSA). This surgical implant is comprised of two
components: the humeral component and the glenoid component. Simply put, the
humeral component replaces, at the very least, the worn down humeral head while the
glenoid component replaces the defected glenoid cavity. The humeral component either
consists of a stemmed humeral component that extends down into the humerus coupled
with a head or just a resurfacing humeral component. The humeral component is usually
made of cobalt-chromium alloy with its porous stem coated in a plasma spray of titanium
alloy (Kudo, Iwano, & Nishino, 1999). The second component of the TSA, the ultra high
molecular weight polyethylene (UHMWPE or all-polyethylene) glenoid component, is an
approximately 4 mm thick, pear-shaped insert that is secured on the glenoid surface to
relieve severe pain or significant disability caused by osteoarthritis or other shoulder
injuries. Both components can be seen in Figure 3.2.
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D

C
Figure 3.2 Depiction of TSA and its two components: (A) humeral component and (B) glenoid component.
(C) and (D) show how (A) and (B) sit in the bone, respectively. (Shoulder Arthritis)

The first all-polyethylene, cemented glenoid prosthesis was introduced in 1971 again by
Charles Neer II (Keller, Bak, Bigliani, & Levine, 2006). These two components combine
to form the new glenohumeral joint of articulation in the reconstructed shoulder.
All top players in the orthopaedic medical device industry, such as Biomet,
Stryker, Zimmer, Wright Medical, Synthes, and Smith & Nephew, manufacture their own
version of the humeral component in a total shoulder replacement. However, the overall
goal in replacing the humeral head in all versions is the same: to place a prosthetic
articular surface precisely on the proximal humeral head as it would have been prior to
the beginning of the destructive arthritic process. This is achieved by first reaming the
humeral canal with an intramedullary reamer that ranges in diameter from 6 mm-8 mm
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(Zimmer, Inc., 2011). This reamer prepares the canal for the stem of the humeral
component, which is inserted until the superior aspect of the humeral head is above the
superior aspect of the greater tuberosity. Other checkpoints ensure that the humeral
component is placed appropriately to avoid impingement of the soft tissue. An
appropriately sized humeral head is then selected by the surgeon to attach to the humeral
stem, and the components are secured in place. This, however, completes securement of
only half of the TSA. The glenoid component still needs implantation.
Precise placement of the glenoid component of a TSA is actually more technically
demanding than that of the humeral component because of the natural glenoid anatomy.
Three goals must be achieved for proper glenoid component implantation: anatomic
correction of glenoid version, full contact between the glenoid component and the
underlying native glenoid bone, and preservation of glenoid bone stock (Yongpravat,
Kim, Gardner, Bigliani, Levine, & Ahmad, 2012). It is essential to evaluate the bony
architecture of the glenoid to identify the amount of natural bone stock that is present.
The glenoid cavity does not yield itself to multiple replacement procedures due to its
limited amount of subcortical bone that is essential to glenoid component stability. If too
much bone stock is removed during the reaming of the glenoid, the glenoid component
may experience loosening or excessive wear because it lacks sufficient bony support.
Therefore, it is essential for the surgeon to select the appropriate sized glenoid component
to implant. Orthopaedic companies offer different versions of glenoid components, the
most common of which includes the choice between a pegged or keeled glenoid
component. These two components are shown in Figure 3.3.

22

B

A

Figure 3.3 Two models of all-polyethylene, cemented glenoid components: (A) pegged and (B) keeled
(Strauss, Roche, Flurin, Wright, & Zuckerman, 2009)

These two types of glenoid components simply utilize different attachment methods to
the glenoid cavity- one with pegs and one with a keel. Before final implantation of the
glenoid component, the surgeon injects cement into the keel slot or peg holes, avoiding
application to the articular surface of the glenoid cavity. Excessive cement on the surface
of the glenoid may result in early glenoid component failure due to reliance on the
cement for support instead of the bone (Keller, Bak, Bigliani, & Levine, 2006). The
glenoid component is positioned properly only when the undersurface of the component
sits flush with the articular surface of the bone.
TSA is a treatment of choice for end-stage osteoarthritis characterized by loss of
articular cartilage with an intact rotator cuff. Other options remain more suited for other
conditions, but TSA has been shown to provide improved outcomes in comparison to
these other treatments. However, TSA does not come without its possible consequences.
TSA may result in loss of bone stock, UHMWPE wear debris, and loosening of the
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glenoid component, all which lead to pain and loss of function of the shoulder (Duan, et
al., 2013). Glenoid component failure is actually the most common complication of TSA
and is often clinically manifested by loss of function, pain, and the presence of a clunking
noise and sensation (Hawkins, Greis, & Bonutti, 1999). It is believed that these glenoid
components fail as a result of their inability to replicate the normal glenoid articular
surface, to have durable fixation to the underlying bone, to withstand eccentric loading
and glenohumeral translation, and to resist wear and overall deformation (Matsen,
Clinton, Lynch, Bertelsen, & Richardson, 2008). It is these issues that are presented in
defense for other treatments such as hemiarthroplasty.

3.2. Hemiarthroplasty
Different from the TSA in which both the humeral and glenoidal surface were
replaced, in a hemiarthroplasty, only the humeral articular surface is replaced. Similar to
a TSA, however, the process of implanting the humeral component is identical- the only
part that is excluded is the glenoid component implantation. Therefore, the choice again
in a hemiarthroplasty is between a stemmed humeral component coupled with a humeral
head or a resurfacing humeral component, the later of which is shown in Figure 3.4.
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Figure 3.4 Humeral head resurfacing using a cap that only penetrates the humeral head (Shoulder
Arthritis)

For severe destruction of the glenohumeral joint, cup resurfacing of the humeral
head is one of the possible prosthetic solutions. The advantages of humeral head
resurfacing in comparison to TSA are bone preservation, the easy exchange if revision
surgery is necessary (Fink, Niemeier, & Ruther, 2013), decreased operative time, lower
cost, and less blood loss (Keller, Bak, Bigliani, & Levine, 2006). The cup resurfacing
technique does not require reaming of the intramedullary canal of the humerus as is
required when a stemmed humeral component is used. Osseous tissue from the head of
the humerus is also conserved when a resurfacing humeral cup is used in comparison to a
stemmed humeral component. Therefore, the cup resurfacing component conserves
much needed bone stock. If revision surgery is required, the cup can be simply removed,
and another implanted in its place, or if the pathological conditions have worsened and a
stemmed humeral component or a TSA is needed, then this cup makes for an easy

25

exchange. It also has been concluded in some studies that cup resurfacing more closely
restores the geometric center of the humeral head and decreases eccentric loading of the
glenoid in comparison to hemiarthroplasty (Hammond, Tibone, McGarry, Jun, & Lee,
2012).
Great controversy persists regarding the argument of which shoulder prosthesis is
superior for the management of osteoarthritis of the shoulder: TSA or hemiarthroplasty.
Glenoid component failure was the most common complication of TSA but
hemiarthroplasty also presents unique consequences. Hemiarthroplasty can often result
in glenoid erosion, caused by clinical deterioration and short- and medium-term revisions
(Haines, Trail, Nuttall, Birch, & Barrow, 2006). This erosion may ensue if a gap is left
between the prosthesis and humeral head articulating surface, which engages the glenoid
and creates a levering force on the component (Moros & Ahmad, 2009). When compared
to hemiarthroplasty, TSA has been found to report superior mid-term and long-term
results (Orfaly, Rockwood, Esenyel, & Wirth, 2003). Pain from the glenoid erosion often
caused by hemiarthroplasty can result in clinical deterioration and is often a major cause
for converting to a TSA at a later date (Sperling, Cofield, & Rowland, 2004). Some
studies have gone so far as to find that TSA has a lower incidence of postoperative
revision when compared to hemiarthroplasty (Sperling, Cofield, & Rowland, 2004), but
these studies might overlook what others have determined to be true. A 2003 multicenter
study involving 690 shoulders found that there was no significant reoperation rate
associated with hemiarthroplasty (Edwards, Kadakia, Boulahia, Kempf, Boileau, &
Nemoz, 2003). With a hemiarthroplasty, the glenoid may simply undergo glenoid
erosion that leads to deteriorating results that requires conversion to a TSA at a later date.
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However, inconsistent findings cloud the literature in this area, and many of the results
are dependent upon patient specifics such as age and activity level. In a study performed
by Dillon et al, patients under 59 years of age experienced two times higher the risk of
revision arthroplasty when compared to patients older than 59 years of age. This same
study found that younger patients who underwent hemiarthroplasties had over four times
the increased risk of revision surgery in comparison to TSA (Dillon, Inacio, Burke,
Navarro, & Yian, 2013). The controversy continues beyond the revision rates of the
procedures. It also stems from the underlying reason behind every medical procedurehow the patient feels.
Patient satisfaction was measured by Burroughs et al who found a 90%
satisfaction in patients under the age of 50 who underwent shoulder arthroplasty, and
surprisingly, it was found that pain medication requirements were less in the TSA
patients than the hemiarthroplasty patients (Burroughs, Gearen, Petty, & Wright, 2003).
Sperling et al reported a study of patients 50 years of age or less who after 5 years
reported unsatisfactory results in both TSA and hemiarthroplasty, but with survival rates
of 73% for hemiarthroplasties and 84% for TSA (Sperling, Cofield, & Rowland, 2004).
Therefore, it can be assumed that glenoid wear is not the only consequence of
hemiarthroplasty, as was supported by a study by Parsons et al. To add to that list is high
revision rates in comparison to TSA (Parsons, Millett, & Warner, 2004).
While the controversy between TSA and hemiarthroplasty continues, other
corrective shoulder procedures have entered the arena of glenohumeral joint replacement.
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3.3. Reverse Total Shoulder Arthroplasty
Originally developed in the late 1980s, reverse total shoulder arthroplasty (RTSA)
was aimed at elderly patients with rotator cuff arthropathy to increase motion and reduce
pain (Affonso, Nicholson, & Frankle, 2012). Approved in 1993 by the Food and Drug
Administration, the use of RTSA has grown to include failed anatomic TSA,
inflammatory arthropathy with a massive rotator cuff tear, proximal humeral fractures,
irreparable rotator cuff tears, and nonunion or malunion fractures, among others (Jazayeri
& Kwon, 2011) (Nam, Kepler, & Neviaser, 2010). Historically poor results have been
reported of glenoid loosening in TSAs performed in rotator-cuff deficient shoulders, so
hemiarthroplasty has become the traditional preferred surgical option (Young, Zhu,
Walker, & Poon, 2013). However, with improved functional outcome of the RTSA, it is
gaining popularity in management of rotator-cuff arthropathy. The largest functional
outcome study to date found that RTSA can provide superior functional results in patients
with rotator-cuff arthropathy in comparison to hemiarthroplasty (Young, Zhu, Walker, &
Poon, 2013).
Similar to TSA, RTSA has two components: a humeral component and a glenoid
component. However, drastically different from a TSA and as the name hints, these two
components combine to form a prosthesis that exhibits a reverse ball-and-socket
approach. The normal anatomy of the body includes an ellipsoidal humeral head and a
shallow concave glenoid. RTSA, as shown in Figure 3.5, reverses this normal anatomy
and the articulating glenohumeral surface becomes a cobalt-chromium glenoidal sphere
and a polyethylene humeral cup.
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Figure 3.5 Classic anterior radiograph of a RTSA (Beck, Irgir, Andreychik, Maloney, Tang, & Harter,
2013)

As is shown, this procedure demands for higher bone stock, with the humeral cup
attached to a humeral stem that extends down into the intramedullary canal of the
humerus, as well as the glenoidal sphere that extends into the scapula. This design was
developed to compensate for rotator-cuff deficiency, but does not come without its
complications.
The controversy between hemiarthroplasty and TSA often extends to include
RTSA in hopes to determine which corrective shoulder prosthesis should be the treatment
of choice. That is difficult when complications are present in each treatment, including
RTSA. Many studies have found an increased rate of complications such as infection,
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instability, and glenoid loosening in RTSA, as high as 68% (Wall, Nove-Josserand,
O'Connor, Edwards, & Walch, 2007). However, similar to hemiarthroplasty, these
complications are patient dependent, on factors like obesity, age, and activity level. A
study performed by Beck et al compared RTSA results and complications in obese
patients in comparison to non-obese patients. This study found that obese patients had a
35% complication rate which was significantly higher than the non-obese control group
(Beck, Irgir, Andreychik, Maloney, Tang, & Harter, 2013). Infection after RTSA is a
common complication, with reports affected 1% to 10% of patients, which is a rate that is
greater than that of TSA (Wall, Nove-Josserand, O'Connor, Edwards, & Walch, 2007)
(Cheung, Sperling, & Cofield, 2008) (Hattrup, 2007). This high infection rate is thought
to result from a greater dead space created during RTSA. This increase in dead space
leads to hematoma and lengthening of the arm, which leads to neuropaxia. This is just
one of the biomechanical changes created by RTSA that increases complications in
comparison with TSA. Beck et al also found similar complication rates associated with
infections. The obese group had an 18% infection rate while the non-obese group had
0% (Beck, Irgir, Andreychik, Maloney, Tang, & Harter, 2013). However, these studies
only looked at complications within groups of patients all receiving RTSA. Other studies
have compared RTSA revision rates to other shoulder prostheses within specific age
groups.
Age is an important factor when determining which shoulder prosthesis to
implant. Not only does amount of natural bone stock play a role but so does procedure
revision rate. In a Dillon et al study that looked at shoulder arthroplasty in patients 59
years or younger, hemiarthroplasty, humeral head resurfacing, and RTSA all had higher
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risks of revision than TSA (Dillon, Inacio, Burke, Navarro, & Yian, 2013). These
findings were consistent with those from other authors, including Guery et al, who
recommended avoiding RTSA in patients under the age of 70. This study also found
increased RTSA revision rates in patients with rheumatoid arthritis (Guery, Favard,
Sirveaux, Oudet, Mole , & Walch, 2006), an autoimmune disease that causes joint
inflammation and in 2007, affected an estimated 1.5 million American adults (2010).
RTSA has been advocated for years as having a biomechanical advantage over
hemiarthroplasty in treatments for a deficient rotator cuff, but recently, more favor has
been shown to modern hemiarthroplasty prostheses due to the above results. However,
there are still some authors who find that RTSA still results in better functional outcomes
over hemiarthroplasty (Young, Zhu, Walker, & Poon, 2013). Therefore, it is evident that
the controversy over corrective shoulder procedures still persists. A final option for
surgical shoulder treatment is a relatively new option that has not yet been well
documented.

3.4. Soft-Tissue Graft
In attempt to counteract the glenoid wear associated with hemiarthroplasty and to
retain more glenoid bone stock in comparison to the RTSA and TSA, a fourth option for
surgical treatment option is that of a soft tissue graft. This soft tissue resurfacing of the
glenoid is coupled with a hemiarthroplasty to correct degenerative conditions of the
shoulder joint. Young, active patients face challenges such as higher functional demands
and need the prosthesis to last longer than older, less active patients. Biological
resurfacing of the glenoid with interposition of soft tissue has been tried in young, active
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patients in attempt to improve their clinical outcomes. With goals to replace and retain
residual soft tissue, the option for a soft tissue graft is very similar to that of the inlay
option, which is a focus of the current study.
Various types of soft tissue allografts have been used, but no type stands out as
the clear choice. Burkhead and Hutton performed a study in which they used autogenous
fascia lata graft and Achilles tendon allograft in conjunction with either a stemless
humeral resurfacing implant or a hemiarthroplasty. Their midterm follow-up reported a
failure rate of 20% and a longer following up reported a similar failure rate (Burkhead &
Hutton, 1995). Elhassan et al conducted a study comparing soft-tissue resurfacing of the
glenoid with interposition capsular arthroplasty, autogenous fascia lata graft, and Achilles
tendon allograft. Nearly all of the results were poor with an overall failure rate of 92%,
with 77% of these failures being a complete loss of the graft and replacement by scar
tissue (Elhassan, Ozbaydar, Diller, Higgins, & Warner, 2009). Tibbetts and Wirth also
propose using a meniscal allograft, pictured in Figure 3.6, to compare functionality to the
already tested allografts (Tibbetts & Wirth, 2011).
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Figure 3.6 A lateral meniscus allograft ready to be implanted on the glenoid surface (Nicholson, et al.,
2007)

A Creighton et al study found that use of a biologic lateral meniscus allograft was
associated with decreased forces on the glenoid surface (Creighton, Cole, Nicholson,
Romeo, & Lorenz, 2007). A report of two cases of soft-tissue allograft use is by Lee et al
who performed reconstruction of the shoulder using an osteoarticular acetabular allograft.
According to the Musculoskeletal Tumor Society system, the functional results of the two
patients were 87% and 93% that suggests satisfactory functional and cosmetic results
(Lee, Hornicek, Hazan, Kloen, Wolfe, & Mankin, 1998). However, when Sekiya et al
used an osteoarticular allograft using the Osteoarticular Allograft Transfer System
(OATS), postoperative instability was encountered. It was noted that the osteoarticular
allograft may not perfectly line up along the articular margin and may cause
glenohumeral instability. This study suggests that the ideal situation is to more
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anatomically reconstruct defects or lesions with an osteoarticular shell allograft instead of
the less anatomically correct OATS repair (Sekiya, Wickwire, & Stehle, 2009).
Only a very small percentage of arthroplasty patients currently undergo soft-tissue
resurfacing of the glenoid. Of all 492 shoulder arthroplasties performed by a surgeon at
Massachusetts General Hospital over a six-year period, only 3% were in young, active
patients who received soft-tissue resurfacing of the glenoid. It was determined that these
patients were good candidates for soft-tissue glenoid resurfacing because they were less
than 55 years old and because TSA was not recommended due to their high activity level
that resulted in substantial loading of the glenohumeral joint. However, it was concluded
from this study that soft-tissue resurfacing of the glenoid should be conducted with
caution. No evidence pointed towards the graft material being a durable interposition
surface nor did the patients experience reliable pain relief or improved function
(Elhassan, Ozbaydar, Diller, Higgins, & Warner, 2009). Results from Dillon et al
conclude that biological resurfacing in younger patients has not achieved consistent
enough results (Dillon, Inacio, Burke, Navarro, & Yian, 2013). The mechanism by
which the graft fails is not yet clear. It is proposed that the humeral rotation of the
glenoid causes high translational compression and shear forces that causes failure of the
biological graft (Gupta & Lee, 2005) (Elhassan, Ozbaydar, Diller, Higgins, & Warner,
2009). The use of soft tissue grafts also presents challenges of the tissue’s inability to
maintain sufficient chondrocyte viability and proteoglycan synthesis with current
cryopreservation techniques, which threatens the graft-host junction (Williams, Dreese, &
Chen, 2004) (Zheng, Laird, Xu, & Wood, 2002).
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These results point out that no clear evidence exists of the soft-tissue graft being a
durable enough bearing surface for improved clinical outcomes, although in concept the
retention or replacement of soft tissues is still a desirable outcome in shoulder
procedures. This concept is utilized by the option of the inlay glenoid in TSA.
Therefore, the choice returns to the procedure that has consistently produced improved
functional and clinical outcomes: TSA. However, within the branch of TSA, there
persists one final division, that which the presented research focuses on: the inlay versus
the onlay glenoid component.

3.5. Inlay versus Onlay Shoulder System
In a TSA, there are two components, the humeral component and the glenoid
component. It was previously introduced that the most common choice when it came to
the glenoid component was between a keeled or pegged glenoid component. Both of
these types represent the onlay division of glenoid components. As the name implies, the
onlay glenoid component sits “on” the surface of the glenoid cavity and proud to the
surrounding native bone and cartilage. This design has a tendency to exhibit a rockinghorse loosening phenomenon, the mechanism shown in Figure 3.7.
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Figure 3.7 Eccentric loading (A) and (C) of the glenoid causes loosening via the rocking horse
phenomenon. Normal loading of the glenoid is shown in (B). (Lippitt, Rockwood, Matsen, & Wirth, 2009)

If the net humeral joint reaction force is not centered in the glenoid cavity, as the humeral
head articulates across the glenoid implant, eccentric loading loosens the glenoid
component (Lippitt, Rockwood, Matsen, & Wirth, 2009). Various authors confirm this
phenomenon as the most common and most feared complication in TSA (Keller, Bak,
Bigliani, & Levine, 2006).
Although the onlay glenoid component has been the standard of treatment for a
TSA, weaknesses to the existing onlay implant have lead to the development of another
technology. Orthopaedic specialists have been introduced to a less-invasive joint
resurfacing system that claims to solve the problems associated with the onlay system.
When using a traditional onlay glenoid implant, instruments are used that require a
straight-on surgical axis that complicates the surgery and requires transection and
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removal of the humeral head. The onlay shoulder system implants are also not
anatomically engineered and often overstuff the shoulder joint. It was these issues that a
company called Arthrosurface, Inc. focused on when designing their inlay shoulder
system.
In August 2011, Arthrosurface, Inc. introduced the world’s first easy access
glenoid component in its HemiCAP Glenoid Resurfacing (GRS) shoulder system. The
inlay system was designed with four goals in mind: To offer easy access to the glenoid, to
avoid overstuffing of the joint, to ensure glenoid implant stability, and to eliminate
transection and removal of the humeral head (Arthrosurface, Inc., 2011). This system
leaves the labrum intact and uses an angled surgical approach so that the humeral head is
not transected or removed. The implant design mimics natural anatomy and lays flush
with the surface of the surrounding tissue to minimize or virtually eliminate joint
overstuffing or rocking of the implant. As the name indicates, the inlay sits in the surface
as opposed to the onlay that sits on the surface.
The inlay glenoid component is used in conjunction with a humeral component
that allows for focal or total resurfacing using the HemiCAP® shoulder. It is this
combined system that is thought to afford surgeons a new option for younger patients
who wish to return to highly active lifestyles. The inlay glenoid design requires less bone
stock removal and seeks to improve upon the most common complication of TSA,
glenoid component loosening. It is this complication that the proposed research focuses
on, but first an assessment of previous glenohumeral joint research must be examined to
formulate the research protocol.
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CHAPTER FOUR
ASSESSMENT OF CURRENT GLENOHUMERAL JOINT LITERATURE
Total shoulder arthroplasty function and longevity are directly linked to
glenohumeral joint biomechanics. The identification of surgical, functional and implant
variables associated with joint and implant performance assists in the development of
testing protocols for evaluation of new implant designs. An overview of these major
areas of interest lays the groundwork for the presented research protocol.

4.1. Glenohumeral Joint Kinematics
It is a common misconception that the shoulder joint behaves as a simple balland-socket joint. However, due to its complex asymmetric articulation between the
glenoid and the humeral head, the glenohumeral joint does not behave this simply.
Research has been conducted to define what is known about kinematics and reactive
forces within the glenohumeral joint.
A study performed by Y. Lee and T. Lee established a glenohumeral coordinate
system that effectively mapped the glenoid surface. These findings directly contributed
to defining the region of interest for the present study. The objective of the Y. Lee and T.
Lee study was to devise an anatomically relevant specimen specific 3D glenohumeral
joint kinematic method to use for quantifying the kinematics of the asymmetric
glenohumeral joint (Lee & Lee, 2010). When mapping the surface of the glenoid cavity,
a coordinate system is needed for reference. The superior-inferior axis is simply defined
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from the 12 o’clock position to the 6 o’clock position. The anterior-posterior axis is
defined from the 3 o’clock position to the 9 o’clock position for right shoulders and 9
o’clock to 3 o’clock for left shoulders. This same coordinate system was used for the
present study. Y. Lee and T. Lee placed digitizing markers on anatomic landmarks and
tracked their relative position during 15 degree increments throughout the humeral range
of internal and external rotation with a 22 N joint compressive force applied to the testing
system that held cadaveric shoulder specimens in 60 degree abduction in the scapular
plane (Lee & Lee, 2010). The glenoid coordinate system was defined with points on the
bony glenoid rim and their intersections, while mathematical calculations defined the
vertical depth of the glenoid. In Figure 4.1, the glenoid coordinate system is defined by
the superior-inferior axis (S to I) and anterior-posterior axis (A to P) with O assigned as
the origin of the coordinate system (Lee & Lee, 2010). This origin point will be utilized
as the center of the glenoid surface in the procedures for the current study.

Figure 4.1 Glenoid coordinate system, defined by the superior (S) to inferior (I) axis and the anterior (A) to
posterior (P) axis (Lee & Lee, 2010)
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Y. Lee and T. Lee’s study was the first of glenohumeral joint kinematic studies to
recognize that the assumption of a sphere representing the humeral head was incorrect.
Iannotti et al first contradicted this assumption and found the ratio of the SI length to AP
length of the glenoid was 1.3, while the SI depth of the glenoid was 2.6 times greater than
the AP depth, proving the humeral head is oval rather than spherical (Iannotti, Gabriel,
Schneck, Evans, & Misra, 1992). This classification was essential in determining the
glenohumeral coordinate system of Y. Lee and T. Lee.
Spatial relationships between the mapped glenoid and a marked humerus provided
Y. Lee and T. Lee with the data to define the glenohumeral coordinate system as a whole.
As is shown in Figure 4.2, the humerus was also marked with regions of interest
including the humeral head center (HHC), the humeral head apex (HHA), and the
humeral shaft center (HSC). These points of interest were tracked and used to map the
location of the humeral head on the glenoid when the humerus is placed at a fixed 60
degrees in abduction but rotated internally and externally throughout its range of motion.
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Figure 4.2 Humeral points of interest in the glenoid-humerus coordinate system (Lee & Lee, 2010)

It was found that the locations of the HHC and HHA were very close to the glenoid
center on the AP-SI plane at 45 degrees and 60 degrees of external rotation. This is
shown in Figure 4.3(A) that shows the lateral view of the glenoid and the mapped
movement of the humeral anatomic landmarks throughout humeral rotation. Figure
4.3(B) shows the posterior view of the glenoid, again showing that the HHA and HHC
were closest to the glenoid center at 45 degrees and 60 degrees of external rotation.
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Figure 4.3 Humeral tracking from the (A) lateral view of the glenoid and (B) posterior view of the glenoid
(Lee & Lee, 2010)

These results agree with those reported by Buchler et al who found that the glenohumeral
contact region remained near the center of the glenoid fossa for normal shoulder during
axial rotation of the humerus (Buchler, Ramaniraka, Rakotomanana, Iannotti, & Farron,
2002). The protocol developed by Y. Lee and T. Lee maps the anatomic landmarks of
the humerus relative to the glenoid in a coordinate system that was used to confirm the
locations used in the present testing. When positioning the humerus and glenoid relative
to each other, the Y. Lee and T. Lee coordinate system was referenced.
Many other studies that describe kinematics of the glenohumeral joint suggest that
activity of the muscles contribute to the reaction forces within the joint. A study
performed by Poppen and Walker found that the resultant force at 90 degrees abduction
in the glenohumeral joint reached a maximum of 0.89 times the body weight, while the
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shearing component up the face of the glenoid was a maximum of 0.42 times the body
weight at 60 degrees abduction (Poppen & Walker, Forces at the glenohumeral joint in
abduction, 1978). Several other studies were assessed for their results, but due to the soft
tissue removal in the present study, including muscular tissue, these kinematic studies
were not dutifully analyzed. What is more important is the assessment of research that
has examined the pathologies associated with the glenohumeral joint, most specifically
the biomechanical erosion of the glenoid. This defines the clinical significance of the
current study.

4.2. Glenohumeral Joint Wear
Over time, in patients with glenohumeral osteoarthritis, asymmetric wear patterns
of the glenoid develop, most often manifested as posterior glenoid erosion (Walch, Badet,
Boulahia, & Khoury, 1999). Most recent literature examines the surgical reconstruction
of this pathologic condition, but there is little understood about how and why it actually
develops. Following Walch et al.’s conclusive results that the position of the humeral
head with respect to the glenoid predicts glenoid morphologic evolution, Gupta and Lee
conducted a study to determine the effect of positional changes on contact pressures and
forces that may be responsible for posterior subluxation of the humerus and eventual
posterior glenoid wear (Gupta & Lee, 2005).
To evaluate the biomechanics associated with glenoid wear, simulation of
overhead activities is used most often. In the Gupta and Lee study, a testing apparatus
held cadaveric shoulders in twelve different glenohumeral positions that simulated
overhead activities. The following positions were tested in both 60° and 90° of external
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rotation: 60° and 90° of shoulder abduction and 30°, 50°, and 70° of horizontal abduction
(Gupta & Lee, 2005). These twelve positions are shown in Figure 4.4.

A

B

Figure 4.4 Shoulder testing positions in the anterior view (A) and superior view (B) (Gupta & Lee, 2005)

This study claimed to be the first to evaluate glenohumeral contact areas and pressures in
the horizontal adduction direction. Measurement of contact pressures and contact areas
were determined using a Fuji pressure-sensitive film, which offered a source for
comparison for the present study. Also unlike the present study, the shoulder tendons
were not removed, and this was the mode of force application, as 40 N was applied
through each of the attached tendons, except for that of the deltoid tendon, which was
loaded with 80 N (Gupta & Lee, 2005).
Results found that with increased horizontal adduction, a decrease in superiorly
directed and compressive forces is present, along with an increase in posteriorly directly
forces (Gupta & Lee, 2005). This highlights the excessive wear in the posterior region of
the glenoid. It was also found that a significant decrease in contact area and increase in
contact pressure occurred with increased horizontal shoulder adduction (Gupta & Lee,
2005). Although no clear mode of failure was detected in this study, a possible
biomechanical explanation of posterior wear in native shoulders with glenohumeral
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osteoarthritis and posterior wear after TSA was provided. This emphasizes the clinical
significance associated with the current study- glenoid wear both before and after a TSA
is due largely to the humeral positional changes on its surface.
Another study was evaluated for its assessment of effects of progressive labral
and bone loss on the contact area and contact pressure within the glenohumeral joint at
higher loads of 220 N and 440 N. Greis et al performed a study that utilized Tekscan as
the flexible force sensor in the glenohumeral joint, a detail that was utilized in the current
study. Cadavers were prepared according to various testing groups, depending on the
amount of labrum and bone to be removed from the joint: fully intact specimen, removal
of the anteroinferior labrum from the 2 o’clock to 6 o’clock position, and loss of 10%,
20%, and 30% of the glenoid diameter from the anteroinferior quadrant (AIQ) of the
glenoid (Greis, Scuderi, Mohr, Bachus, & Burks, 2002). Similar to the results found by
Y. Lee and T. Lee, Greis et al also found a trend toward increasing contact area with
increasing abduction. The contact pressure maps that were obtained from Tekscan
sensors showed an overall decrease in contact area. This appeared to result from the
decrease in available glenoid surface from bone loss and a shift in contact area to the AIQ
as the anteroinferior labrum and bone were removed. This shift resulted in a change in
the loading pattern as is shown by the Tekscan pressure sensors in Figure 4.5. Similar
maps were goals of the present study.
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Figure 4.5 Tekscan contact pressure maps of the glenoid at three positions of abduction, where high areas
of pressure are indicated by red coloration (Greis, Scuderi, Mohr, Bachus, & Burks, 2002)

The results show that progressive bone loss in the AIQ increases the mean and
peak contact pressures and decreases the contact area with the most significant results
occurring at 20%-30% diameter of glenoid bone loss. At 20% glenoid diameter bone
loss, the mean contact pressure approximately doubled in the AIQ and peak pressure
increased 50% to 100% (Greis, Scuderi, Mohr, Bachus, & Burks, 2002). These results
indicate that alterations in joint loading due to labral detachment and bone loss could play
a vital role in how pathologic conditions like osteoarthritis develop.
More research focuses on the glenoid and its defects. Sugaya et al reports that
anteroinferior glenoid rim defects are present in 80% to 90% of individuals experiencing
chronic anterior shoulder instability. This instability increases with the size of the defect
(Sugaya, Moriishi, Dohi, Kon, & Tsuchiya, 2003). Diederichs et al found similar results
to Greis et al after creation of anterior rim glenoid defects. A mean decrease of 31% in
the anteroinferior diameter and a mean decrease of 34% in surface area were results
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found in this feasibility study (Diederichs, et al., 2008). When the glenoid is
compromised by pathological wear as has been reviewed, it must be corrected using a
shoulder replacement technique that resurfaces the glenoid. However, an important
question that must be answered is how does an artificial glenoid component hold up to
these same forces that caused failure in the native bone?

4.3. Glenoid Implant Wear
For many years, research on UHMWPE wear of implant components has been
well documented as failure in both total knee and total hip arthroplasty (Rose, Crugnola,
& Ries, 1979). Degradation of UHMWPE components causes macrophage-mediated
biologic responses that can cause osteolysis, a condition that is often reported in
association with glenoid component wear. There are three primary response mechanisms
that cause wear: abrasion, which occurs when a harder surfaces plows grooves into a
softer material, adhesion, which occurs when a softer material is smeared onto a harder
counter-surface creating a transfer film, and fatigue, which occurs when alternating
episodes of loading and unloading causes formation of subsurface cracks that propagate
and form particles that are shed from the material surface (Ratner, Hoffman, Schoen, &
Lemons, 2004). One study, conducted to evaluate surface mechanisms in TSA, was
assessed to answer the question of how artificial glenoid components withstand
glenohumeral forces.
Retrieved glenoid components were analyzed in a study performed by Gunther et
al that examined the following nine modes of glenoid component damage: delamination,
pitting, abrasion, burnishing, scratching, deformation, embedded debris, component
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fracture, and complete wear through the UHMWPE component. Delamination is
evidence of wear that results in subsurface cracking that causes separation of sheets of
UHMWPE. Pitting was shown in regions that were 1-2 mm of irregularly-shaped,
isolated depressions. Scratching was thin, isolated lines of indentation on the surface.
Abrasion was seen in areas of roughened texture that are shredded or tufted. Burnished
areas are highly polished areas that are smoother than the surrounding surface.
Deformation is permanent deformation of the UHMWPE on the surface of the
component, commonly from cold flow or creep. Embedded debris such as polymethyl
methacrylate and metallic fragments from the humeral component constitutes wear as
well. Worn through components were classified when evidence showed the backing of
the glenoid component or the underlying cement mantle. The last defined mode of
failure was that of component fracture, which started as cracks that led to complete
separation of the glenoid component into two or more pieces (Gunther, Graham, Norris,
Ries, & Pruitt, 2002).
All of these damage modes have been seen in glenoid components. However, the
most prevalent damage modes in the study performed by Gunther et al were scratching,
abrasion, pitting, and delamination. Scratching was present in 90% of the regions
examined, while abrasion was present in 68%, pitting in 60% and delamination in 58%.
Approximately 40% of components experienced component fracture but only 10%
showed complete wear through of UHMWPE. The least prevalent modes of wear were
deformation at 40%, embedded debris at 28%, and burnishing at 8%. This study divided
the glenoid into four distinct regions, and it was found that on average, the wear was
located in the inferior quadrant, though there was no statistical difference between the
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other three regions of anterior, superior, and posterior (Gunther, Graham, Norris, Ries, &
Pruitt, 2002). From this study, it is known that the UHMWPE glenoid component does
not escape modes of wear, as is the case with any implant. However, what are the
reasons behind component failure? What factors directly impact the overall success of
the glenoid implant?

4.4. Variables Associated with Glenoid Implantation
Efforts to understand and identify factors that contribute to loosening of the
glenoid component are ongoing. From an anatomic perspective, it is known that the
glenoid already does not serve as the best host for an implant, particularly due to it low
strength and small volume of available bone. To achieve long-term fixation of the
glenoid component, many variables come into play, including design of the implant,
amount of cement used, and implant orientation.
The two most common types of onlay glenoid components are the keeled and
pegged designs. Both versions were shown in Figure 3.3. Seating of the glenoid
component is evaluated using radiographic images, basing the outcome on the presence
of radiolucent lines surrounding the prosthesis, which is an indication of component
loosening. It has been found that pegged components perform better than keeled
components in a study by Gartsman et al. Six weeks after surgery, 39% of keeled
components had radiolucent lines, whereas only 5% of pegged components did
(Gartsman, Elkousy, Warnock, Edwards, & O'Connor, 2005). The pegged component
has an anchorage system that provides greater stability against shear forces because the
pegs resist shear individually, in comparison to the one keel. Pegs have also been found
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to tolerate higher pull-out loads than keeled glenoid components (Keller, Bak, Bigliani, &
Levine, 2006). It was also found by Nuttall et al that the keeled components experienced
more translation and rotation than pegged components, attributing this fact to the greater
amount of cement that is required to fixate the keeled component (Nuttall & Haines,
2007). It is noted that pegged components require less cement than keeled, and this may
contribute to lower incidence of component loosening.
When cement polymerizes inside the peg or keel holes, the exothermic properties
of cement can induce bone necrosis, which leads to eventual glenoid loosening. Because
of this phenomenon, Smith and Nephew designed a metal-backed glenoid component that
does not require cement fixation, and instead relies on mechanical interlock and biologic
integration through a combination of screws or pegs to achieve long-term bone ingrowth. This noncemented glenoid design is pictured in Figure 4.6.

Figure 4.6 Classic cementless, metal-backed glenoid component (Strauss, Roche, Flurin, Wright, &
Zuckerman, 2009)

To determine if they induce better fixation, metal-backed cementless glenoid components
have been tested in fixation tests against the cemented all-polyethylene components. The
results of Boileau et al are not convincing either way with the following results. Lower
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incidence of radiolucent lines was associated with the non-cemented glenoid components
(25%) as opposed to the 85% of cemented components. However, the incidence of
implant loosening leading to revision surgery was significantly higher for the noncemented group (20%) versus 0% of the cemented group (Boileau, Avidor, Krishnan,
Walch, Kempf, & Mole, 2002). Issues with both components plays a role in the fixation
within the glenoid. It was found by Stone et al that all-polyethylene components generate
lower stress concentrations and conform better than metal-backed components. A Finite
element analysis (FEA) confirmed that all-polyethylene components exhibit overall stress
patterns that more closely resemble the intact, native glenoid (Stone, Grabowski, Cofield,
Morrey, & An, 1999). The critical area associated with cementless metal-backed
components is the transition zone where the metal meets the UHMWPE, which is an area
of high force development and subsequent backside wear. However, the permanent ingrowth and immediate fixation associated with metal-backed cementless components
does pose an advantage over cementless all-polyethylene components (Williams &
Abboud, 2005). However, due to the significant issue of backside wear associated with
the metal-backed component, most clinicians choose the cemented polyethylene
component.
Another design parameter is the distinction between a flat versus convex curved
back cemented glenoid component. Szabo et al found 65% of curved backed glenoids to
be perfectly seated with no radiolucent lines in comparison to 26% of flat-back glenoids
(Szabo, Buscayret, Edwards, Nemoz, Boileau, & Walch, 2005). Iannotti et al confirms
these results in concluding that curved-back convex glenoids are less susceptible to
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malpositioning-related failure modes (Iannotti, Spencer, Winter, Deffenbaugh, &
Williams, 2005).
All of the above evidence offers support to the use of a pegged, all-polyethylene
cemented glenoid component in the present study. This specific model is used for the
onlay shoulder system. On the other hand, not much literature refers to the Arthrosurface
inlay shoulder system due to its recent 2011 development. However, some authors, have
tested all-polyethylene, circular inset glenoid implants, one model by Shoulder
Innovations, LLC and one model by Patient-Matched Implant Division of Biomet.
Pictured in Figure 4.7 this inlay was found to have several potential advantages over an
onlay model.

A

B

Figure 4.7 Two computer representations of glenoid components: (A) shows the standard onlay that
extends completely through and exits the glenoid vault. (B) shows the experimental inset component with
the hatched section representing the section inset into the glenoid vault. (Gunther & Lynch, Total shoulder
replacement surgery with custom glenoid implants for severe bone deficiency, 2012)

Gunther et al found that although the bone stock is deficient in the glenoid, the inlay
fixation was rigid because it is fixed within a circumferential rim of hard surface bone.
Another advantage is the implantation technique that allows for partial or full correction
of version of the glenoid without removing more bone from the high side of the glenoid.
A final advantage to this model is the safety of the procedure with avoidance of drilling
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through the glenoid vault because the required backside fixation depth is less than 1 cm
as is shown in Figure 4.7 (Gunther & Lynch, Total shoulder replacement surgery with
custom glenoid implants for severe bone deficiency, 2012). FEA also performed by
Gunther et al found that the inset technique achieved up to an 87% reduction in
component displacement in comparison to the onlay component (Gunther, Lynch,
O'Farrell, Eng (Hons), Calyore, & Rodenhouse, 2012). FEA is also used in helping
evaluate the glenoid-cement interface, as it has been found that cement thickness is a key
factor in glenoid component loosening (Terrier, Buchler, & Farron, 2005).
It is hypothesized that better cement penetration leads to higher fixation strength
of the glenoid component. However, it has been found in a study by Raiss et al that
although the cement penetration was higher in the pegged onlay component, primary
stability was lessened in comparison to the keeled group during pull-out testing. This
was thought to be due to the different surfaces of the implant. For example, the keeled
implant has one central hole for cement penetration, which encourages formation of a
cement bar that is perpendiculat to pull-out forces, in comparison to the smoother pegs
that have only small grooves for less resistance to pull-out strength (Raiss, et al., 2011).
These holes for cement penetration in both the pegged and keeled component are shown
in Figure 4.8.
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Figure 4.8 Glenoid preparation for the (A) pegged glenoid component and (B) keeled glenoid component
(Raiss, et al., 2011)

Results from Terrier et al suggest that an optimum cement thickness is between 1.0 and
1.5 mm (Terrier, Buchler, & Farron, 2005). The variable of cement thickness associated
with the glenoid bone-cement interface heightens the importance of how the stability of
the glenoid component is affected. These results were directly applied to the study at
hand, as the appropriate amount of cement was used to encourage proper cement
penetration and better component fixation.
The ideal goals of a TSA procedure achieve complete in-bone contact, bone-stock
preservation, and correction to neutral version of the glenoid. These first two goals have
been discussed with the design of the implant, but the correction to neutral version is a
factor that has a direct impact on implant failure. A study by Yongpravat et al
investigated how the degree of glenoid correction affected potential cement failure and
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eventual glenoid loosening. This is an important factor, as cement failure due to high
stresses is identified as the most common cause of glenoid implant loosening and overall
TSA failure (Yongpravat, Kim, Gardner, Bigliani, Levine, & Ahmad, 2012). Four
scenarios of a TSA procedure, shown in Figure 4.9, were examined by altering the
version of the glenoid: full correction with full contact (FCFC), full correction partial
contact (FCPC), partial correction partial contact (PCPC), and no correction full contact
(NCFC).

Figure 4.9 The four scenarios tested in the Yongpravat et al. study with blue, red, white, and yellow
indicating implant, cement, cancellous bone, and trabecular bone respectively. (Yongpravat, Kim, Gardner,
Bigliani, Levine, & Ahmad, 2012)

Results from this study were consistent with those found in other literature that reports
malpositioning the glenoid component in retroversion produces abnormal joint mechanics
and deleterious effects. This is due to the loading on the articular surface and, when it is
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not perpendicular to the surface, a posterior glenoid reaction force increases the cement
mantle stress (Haines, Trail, Nuttall, Birch, & Barrow, 2006). Yongpravat et al reported
results that agree with the hypothesis that cement thickness can increase maximum
cement stresses because the thicker cement mantle rigidifies the cemented implant,
especially when the thickenss increases from a uniform 1 mm thickness (Yongpravat,
Kim, Gardner, Bigliani, Levine, & Ahmad, 2012). Other FEA studies report a maximum
cement stress of 17 MPa, above which the cement mantle can fail (Terrier, Buchler, &
Farron, 2005).
A study performed by Shapiro et al combined a 15° retroversion study with
measures of contact area and contact pressure to evaluate the biomechanics in the
retroverted TSA. The glenoid was held in positions of 0° and 15° version while adducted
horizontally through 0°, 30°, and 60°. Unlike the present study, soft tissue was left intact,
and loads of 60 N were applied through all muscles except for the 120 N load that was
applied in the deltoid. Using a Fuji pressure-sensitive film, glenohumeral contact areas
and pressures were measured. In agreement with previous literature, contact areas of the
native glenohumeral joint were much higher than those following a TSA. Inversely,
contact pressures were much lower in the intact shoulders than the high pressures in the
TSA shoulder. Both of these relationships held true for both the neutral and 15°
retroverted glenoid (Shapiro, McGarry, Gupta, Lee, & Lee , 2007). These results were
just the beginning of the literature that looked at similar variables as the current study:
contact area and contact pressure within the glenohumeral joint.
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4.5. Effect of TSA on Glenohumeral Contact Area and Contact Pressure
What has current research found with respect to the stability of the glenoid
component? How is this stability quantified? These are questions that were answered
and used to develop the current protocol. Some studies look at contact area and contact
pressure within the glenohumeral joint, but none closely resemble the research that is
presented.
One study evaluated the location of peak glenohumeral contact pressures and
humeral head translations in a cadaveric model. Similar to the present study, Tekscan
pressure sensors were used in quantifying the contact pressure within the glenohumeral
joint. However, these sensors quantified contact pressure differences between two types
of lesions to soft tissue, which highlights an important difference in this study: the use of
soft tissue. Another difference is the method of force application. The forces were
directly applied through attached musculature and tendons, and varied throughout the
study, ranging from 0 N to 70 N. Therefore, this study performed by Lin et al is
described as a load driven study, whereas the present study is a position driven study.
Nonetheless, Lin et al was able to map the glenoid surface and found a shift in location of
peak contact pressue from the anterior-inferior edge of the glenoid to the anteriorsuperior edge as deltoid load increased due to posterior humeral head translation. It was
also found that the lesions did not have a significant effect on the humeral head
translation or the location of the contact pressures. Instead, only the increased load
affected these variables (Lin, Javidan, McGarry, Gonzalez-Lomas, Limpisvasti, & Lee,
2013). This study was examined for its testing mechanisms with respect to its use of
Tekscan and contact pressure mapping.
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Another study similarly examined contact area and contact pressure pre and post
implantation of two different shoulder prostheses. Schamblin et al evaluated the
glenohumeral biomechanical parameters before and after TSA and hemiarthroplasty,
which differs from the current study that compares two types of TSA, one completed
with an onlay glenoid component and the other with an inlay component. Schamblin et al
did, however, find that contact patterns and contact pressures within the glenohumeral
joint were altered following glenohumeral joint arthroplasty, both TSA and
hemiarthroplasty, with a significant increase in posterior force following TSA in two
positions of horizontal adduction. It was also found that 30° abduction demonstrated
increased posterior edge loading in comparison to 60° abduction. The average peak
contact pressure also varied between the glenohumeral orientations of each type of
implant. At 30° glenohumeral abduction, the intact shoulder exhibited an average peak
pressure of 4.11 MPa, the hemiarthroplasty a 5.28 MPa average peak pressure, and the
TSA a 19.32 MPa average peak pressure. At 60° glenohumeral abduction, the intact
shoulder exhibited an average peak pressure of 4.518 MPa, the hemiarthroplasty a 5.30
MPa average peak pressure, and the TSA a 16.935 MPa average peak pressure.
(Schamblin, Gupta, Yang, McGarry, McMaster, & Lee, 2009). These average peak
pressures were averaged from the literature to evaluate the magnitude of pressure that is
seen in the shoulder, but because the orientation with respect to horizontal adduction,
abduction, and external rotation were varied throughout the study, these numbers are not
precisely comparable. The present study only tested vertical adduction/abduction angles,
not horizontal adduction or external rotation as was completed by Schamblin et al.
However, it is noted that contact pressure is low in natural tissue, slightly higher in
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hemiarthroplasty (half natural tissue and half implant), and much higher in TSA.
Another relationship to note is that with increased abduction angle, the pressure increased
in both intact and hemiarthroplasty, but decreased in TSA. These relationships will be
analyzed in the present study as well.
Another study that was assessed for magnitude of quantification of glenohumeral
joint forces was that of Greis et al who completed another load-driven study that
compared the contact pressure within the joint at 30°, 60°, and 90° vertical abduction at
both 220 N and 440 N. This study similarly tested in the vertical abduction direction, but
operated at higher loads than the present study. However, it was found that at 220 N, the
30°, 60°, and 90° peak pressures were 1.31 MPa, 1.39 MPa, and 1.67 MPa respectively.
Also at 440 N, it was noted that the 30°, 60°, and 90° peak pressures were 2.10 MPa, 2.35
MPa, and 2.58 MPa (Greis, Scuderi, Mohr, Bachus, & Burks, 2002). As was suggested
by Schamblin et al, this study also agrees that with increasing loads and increasing
abduction angles, the native shoulder peak contact pressure also increases.
This was also confirmed by a look into contact area and contact pressure within
the glenohumeral joint at varying degrees of horizontal adduction with forces applied
through surrounding musculature. Shapiro et al compared the contact area and contact
pressure between an intact shoulder and a TSA shoulder at increasing horizontal
adduction of 0°, 30°, and 60°. It was found that the intact shoulder’s contact area
increased (115 mm2 to 125 mm2) with increased adduction but the contact pressure
remained relatively the same (1.6 MPa to 1.7 MPa). On the other hand, the TSA shoulder
experienced a decrease in contact area (80 mm2 to 55 mm2) with increased adduction and
a significant increase in contact pressure (3.0 MPa to 9.8 MPa). This study was
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examined for its comparative units of measure to the present study, but again differed in
its use of horizontal adduction and soft tissue.
The most similar study that could be found was that of an FEA and physiologic
study performed by Gunther et al who looked at the displacement of three types of
glenoids: the pegged onlay, the keeled onlay, and a custom inset onlay that was pictured
in Figure 4.7. However, this study is different from the present study and does not use
cadaver shoulders, but instead uses a set-up shown in Figure 4.10. The humeral head and
glenoid were fixated in blocks of polyurethane foam and tested for 100,000 superiorinferior cycles at 750 N at 1.5 Hz.

A
C
B

Figure 4.10 The Gunther et al testing set-up is comprised of the (A) indicators that measure the
displacement of the installed pins on the (B) glenoid implant edge. The (C) humeral head is articulated
across the superior-inferior axis. (Gunther, Lynch, O'Farrell, Eng (Hons), Calyore, & Rodenhouse, 2012)

The implant edge displacement was measured by indicators that recorded displacement of
stainless steel extension pins that were drilled into the edge of each glenoid component.
Gunther et al found an 87% reduction in displacement of the inset glenoid in comparison
to the pegged onlay component and a 73% reduction in displacement of the inset glenoid
in comparison to the keeled glenoid component (Gunther, Lynch, O'Farrell, Eng (Hons),
Calyore, & Rodenhouse, 2012). Although this study does begin to look into the
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differences in edge displacement between the onlay and inlay components, there are
some limitations that are accounted for in the current study, such as use of cadaveric
tissue and maintainence of the integrity of the glenoid implant surface.
It is agreed that the alterations in joint reaction force, contact pressure, and
contact pattern can lead to glenoid component edge loading and subsequent loosening by
a rocking phenomenon (Schamblin, Gupta, Yang, McGarry, McMaster, & Lee, 2009).
This suggestion for future research leads directly into the hypotheses of the current study.
This assessment of current glenohumeral joint literature does answer the questions
presented prior to the development of the present study’s protocol. The necessary details
were extracted and applied. Although glenoid orientation and glenoid-cement interface
do play an important role in the reliability of the TSA, the current reseach will focus on
the overall effect that contact area and contact pressure have on glenoid stability and
eventual loosening between two varying glenoid components: the inlay versus the onlay.
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CHAPTER FIVE
MATERIALS
The overall purpose of the full study is to identify which of two shoulder systems
elicits a better response to cyclic edge loading of the glenoid implant. Each of the
following material sections was a key contributing factor in the development and
verification of testing methods to achieving this ultimate purpose. With proper specimen
preparation, the experimental shoulder systems, the experimental testing apparatus, and
the quantifying pressure sensors, this study was able to yield results to support the use of
the protocol presented below.

5.1. Specimen Preparation
In this pilot study, two matched pair shoulders (four shoulder specimens) that had
little to no evidence of glenohumeral abnormality or pathology were used. Matched pair
shoulders are those obtained from the same donor, one left shoulder and one right
shoulder, with the goal of limiting extraneous variables. The two matched pairs were
labeled Specimen 1 and Specimen 2, and then were further divided into the left and right
shoulders each receiving the inlay glenoid and the onlay glenoid respectively. The final
labels were: Inlay-1 (I-1- left shoulder from Specimen 1 receiving an inlay glenoid),
Onlay-1 (O-1-right shoulder from Specimen 1 receiving an onlay glenoid), Inlay-2 (I-2left shoulder from Specimen 2 receiving an inlay glenoid), and Onlay-2 (O-2- right
shoulder from Specimen 2 receiving an onlay glenoid) The average donor age was
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51±15.6 years. The first donor was a 40 year old male (Specimen 1) and was noted as
having good bone quality. The 62 year old donor was female (Specimen 2) and was
noted on the medical research forms as having osteoarthritis, but no pathology was seen
in the glenohumeral joint. It was noted, that Specimen 1 was substantially larger than
Specimen 2. Modeling the glenoid as an ellipse and measuring the glenoid with digital
calipers, the ellipsodial glenoid of the Specimen 1 was estimated to have a surface area of
1000 mm2 in comparison to the much smaller Specimen 2 that only exhibited an
approximated 687 mm2 glenoid surface area. Before use, these specimens were
examined for pathology and abnormality.
Several imaging techniques were used throughout the study, samples of which are
displayed in Appendix A. X-ray radiographs were used to evaluate the specimen prior to
dissection, looking for any abnormalities specifically in the integrity of the bone. CTscans were used twice throughout the testing protocol to ensure proper placement of the
implants and to compare the shoulders post loading. A final imaging technique was that
of microCT, which required gross sectioning of each specimen. The Siemens Inveon®
Micro-CT (Inveon MicroCT/PET, Siemens AG, Erlangen, Germany) that was used in the
practice testing had an imaging field of only 5.5 cm by 8.4 cm, with the 8.4 cm along the
axial direction of the scanner. This required two practice specimens to be sawed to this
size, both of which are pictured below in Figure 5.1.
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A

B
Figure 5.1 Prepared (A) inlay and (B) onlay specimen for microCT analysis

Following the radiographic imaging to examine the specimens for abnormalities,
these fresh-frozen cadaveric shoulders were thawed for 24 hours and put through a range
of motion to ensure no range-limiting abnormalities. They were then dissected of all the
soft tissue (skin, subcutaneous tissue, and muscles), down to the osseous tissue. The
osseous structures that were preserved were the proximal humerus and the the scapula,
including the glenoid, acromion and coracoid. The humerus was separated from the
scapula and both were prepared for fixation. Each scapula and humerus was potted in
aluminum alloy fixtures (Alloy 6063, McMaster-Carr, Atlanta, GA) that complemented
the experimental testing system and allowed for proper orientation. These scapular
fixtures are shown in Figure 5.2.

64

A

B

C

D

Figure 5.2 Scapular preparation of the specimens (A)I-2 (Inlay-2), (B) O-2 (Onlay-2), (C) I-1 (Inlay-1),
and (D) O-2 (Onlay-2 ) The large size differences between Specimen 1 and Specimen 2 is evident.

The humeral fixutre was a hollow 3” long cylinder and the scapular fixture was a 7” by
5.25” by 2” hollow box. Reproducible positioning in each fixture was conducted using a
devised method to align the glenoid face along the anterior-posterior and superior-inferior
axes. The scapula was aligned with respect to the axis of the scapular spine in
comparison to the perpendicular edge of the box. The humerus was also positioned in
each fixture with respect to the axial direction of the cyclinder. Both the humerus and the
scapula were potted in these fixtures using a two part epoxy resin. These fixtures were
then secured for testing in the experimental testing apparatus.
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5.2. Experimental Testing Apparatus
Biomechanical testing of the specimens was carried out on a custom shoulder
testing system, using a servohydraulic materials testing machine (Model 8874, Instron,
Norwood, MA) featuring a 1 kN load cell (dynacell, serial number104885, Instron Corp,
Boston, MA). Shown in Figure 5.3, a four-degree-of-freedom system was mounted to the
Instron, and was comprised of two components.

Y
X

Z
A

Figure 5.3 Overall testing apparatus set-up showing the testing coordinate system. The joint compressive
force, represented by hanging weights, is shown by (A).

The potted scapula was attached to a two-degree-of-freedom table that allowed for
translation in the x- and z-directions. The potted humerus was attached to the Instron ram
that had the ability to move in the y-direction. To obtain a full mapped region of the
glenoid, cyclic loading tests were performed in both the superior-inferior direction and

66

the anterior-posterior direction. The Instron testing fixture was used to accommodate an
altered coordinate system to obtain both of these directions. Simliar to Y. Lee and T.
Lee, the coordinate system was based in reference to the surface of the glenoid. For the
superior-inferior tests, the anterior-posterior glenoid axis was represented by the x-axis,
the superior-inferior glenoid axis by the y-axis, and the joint compressive force by the zaxis. For superior-inferior testing, the glenoid superior-inferior axis was positioned
perpendicular to the floor, with the humerus secured for testing in abduction angles of
10° (neutral carrying angle), 30°, and 60°. This superior-inferior set-up is shown in
Figure 5.4.

60º
30º
10º
Figure 5.4 Shoulder testing positions at 10°, 30°, and 60° with respect to the scapular plane on the
superior-inferior axis of the glenoid.

All abduction angles were measured using an extended protractor and magnetic angle
detector to measure the angle between the humeral shaft and the glenoid face. Similar
anglular set-up was shown in Figure 4.4.
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For anterior-posterior testing, the scapula fixture was turned on its side so that the
anterior-posterior axis of the glenoid was perpendicular to the floor. In this anteriorposterior set-up, the humerus was secured for tesing in only the 30° abduction angle. For
these anterior-posterior tests, the superior-inferior glenoid axis was represented by the xaxis, the anterior-posterior glenoid axis by the y-axis, and the joint compressive force by
the z-axis. This anterior-posterior set-up is shown in Figure 5.5.

30˚
A

B

Figure 5.5 Anterior-posterior set-up of the testing apparatus is shown in (A). A close-up of the
shoulder testing position is shown in (B).

Also shown by (A) in Figure 5.3 are hanging weights that were used to apply a
joint compressive force to the glenohumeral joint. Depending on the test, either 5 lb (22
N), 20 lb (89 N), 50 lb (222 N), or 75 lb (334 N) was applied across the joint normal to
the glenoid surface and given time to settle in the joint. As noted by Karduna et al, the
amount of glenohumeral translation in a normal shoulder during active joint positioning
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is 1.5-2.0 mm and is inversely related to joint conformity (Karduna, Williams, Williams,
& Iannotti, 1996). This confirms that joint translation is normal, and gives reason to why
time must be alloted for the humerus to settle in the glenoid prior to testing. This also
answers why the scapular table must have the ability to move in the x- and z-directions.
Both of these testing conditions allow for normal glenohumeral translation.
The shoulder specimens were tested in four different glenohumeral positions of
vertical abduction with respect to the scapular plane: 10°, 30°, and 60° in the superiorinferior direction and at 30° in the anterior-posterior direction. Within each of these
positions, each shoulder underwent four tests that were prepared using a customized
dynamic and fatigue materials testing software (WaveMatrix, Norwood, MA) used in
conjunction with the Instron materials testing machine. All of these tests are outlined in
Appendix B with an overview displayed in Table 5.1.
Table 5.1 Table outlining the variable differences between Tests1-4
Test 1
Test 2
Test 3
Test 4
Waveform
Cyclic
Hold
Hold
Cyclic
Number of Cycles
3
1
1
1000
Displacement Range
±5 mm
+5 mm
-5 mm
±5 mm
Location of Cycle Peak Both glenoid edges One glenoid edge One glenoid edge Both glenoid edges

Test 1 articulated the humerus at a displacement range of ±5 mm at a rate of 10 mm/s for
three cycles at 0.25 Hz with respect to the appropriate axis of the glenoid (superiorinferior or anterior-posterior). This displacement range of ±5 mm was determined by
research partners as being the maximum translation within the normal glenohumeral
joint. Test 2 moved the humerus at a displacement range of +5 mm and held the humerus
in place for 10 seconds on a glenoid edge, while Test 3 moved the humerus at a
displacement range of -5 mm and held the humerus in place for 10 seconds on the
opposite edge.
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The final WaveMatrix test was reserved for long cycles of loading to fatigue.
Test 4 also articulated the humerus at a displacement range of ±5 mm at a rate of 10
mm/s, but for 1000 cycles (at 0.25 Hz) at a time instead of only three cycles as was the
protocol in Test 1. Because all of these tests are defined by a limit of displacement rather
than load applied by the Instron, this study is technically displacement-driven, different
from previous studies that were load-driven.

5.3. Tekscan Overview
The measurement of glenohumeral contact pressures and area was accomplished
with use of a flexible Tekscan force sensor (K-scan, Model 4000, Tekscan, Inc., Boston,
MA). This tactile sensor houses matrix-based sensors that operate via conductive and
semi-conductive links throughout electrically conductive rows and columns. Unique
among all models for the Tekscan this model has two independent, high resolution
sensing regions as can be seen in Figure 5.6. However, only one sensing region was used
at a time in the joint, and each sensor was specific to each specimen for reproducability.
This model has a pressure range of 0-1500 psi, 572 sensels per each 27.9 mm by 33 mm
matrix, and a resolution of 62 sensels per cm2. Additional specifics are found in
Appendix C.
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Figure 5.6 Tekscan sensor model/map 4000 (Tekscan)

The thickness of the sensor, 0.10 mm, is known to have negligible effect on the contact
areas and contact pressures within the glenohumeral joint. This Tekscan sensor was
positioned in the glenohumeral joint to record the location of contact pressure, edge
loading, and contact areas, while the compressive joint load (22 N) was applied and the
test (Test 1: 3 cycles of ±5 mm, Test 2: +5 mm hold, or Test 3: -5 mm hold) was
conducted. The Tekscan sensor was only reserved for testing in the glenohumeral joint
for Test 1-3. Test 4 was conducted without placement of the Tekscan due to the extended
period of time and number of cycles that could compromise the integrity of the sensor.
For Tests 1-3, the Tekscan sensor was secured in place with the long edge of the sensor
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(33 mm) parallel to the axis of the glenoid height. As seen in Figure 5.6, the tab labeled
as (A) could only be positioned to trail out on the inferior side of the shoulder set-up due
to acromion interference. The first method of securement, used primarily for superiorinferior testing, utilized electrical tape that extended the length of the trimmable tabs to
secure tightly to the scapula box. This was seen in Figure 5.4. The second method of
securement, used primarily for anterior-posterior testing in conjunction with the first
method, was that of durable double-sided tape. The tape thickness, 3.175 mm, was also
deemed negligible within the joint.
The sensor was positioned consistently with the tab extending to the handle that
transmitted the data to the software. A model-specific software was used to capture,
record, and analyze the K-Scan data (I-scan 7.00, Tekscan, Inc.). The data to be analyzed
by this software was that of contact area and contact pressure within the glenohumeral
joint at specific loaded regions of the glenoid (superior, inferior, anterior, and posterior).
These regions were analyzed according to the test (Test 1-3) as well as the type of
shoulder system, the inlay or the onlay, both of which are discussed below.

5.4. Experimental Shoulder Systems
The two total shoulder arthroplasty systems that are tested throughout the
presented study are the onlay and the inlay systems, with the focused difference being the
type of glenoid component in each TSA. The onlay glenoid component sits on the
surface, proud to the surrounding bone, whereas the inlay glenoid component sits in the
surface, flush with the surrounding bone, both of which are shown in Figure 5.7
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implanted in sawbones (Pacific Research Laboratories, Inc., Vashon, WA). Product
descriptions of each shoulder system are discussed below.
The Don Joy Orthopedics (DJO) Turon Modular Shoulder System was used in the
specimens that underwent a TSA with the onlay glenoid component. As is the case for
all TSA procedures, this model encompasses two components: the humeral component
and the glenoid component. The stemmed humeral component coupled with a humeral
head were positioned in the humerus, both of which can be seen partially extracted from
the humerus in Figure 5.7. The humeral stem can be seen extending into the
intramedullary canal of the humerus. The glenoid component in this system is an allpolyethylene (UHMWPE) cemented pegged onlay, and was specifically used because it
has been shown as the best onlay option. The onlay as is shown in Figure 5.7 covers
nearly the entire glenoid surface in comparison to the inlay.
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A

B
Figure 5.7 The two experimental shoulder systems: (A) DJO Turon onlay system and (B) Arthrosurface, Inc.
inlay system

The Arthrosurface, Inc.® HemiCAP Glenoid Resurfacing (GRS) shoulder system
was used in the shoulders that underwent a TSA with the inay glenoid component. This
system, also seen in Figure 5.7, comprises a resurfacing humeral cap, which does not
extend into the humeral intramedullary canal, and the inlay glenoid component that sits
flush with the surrounding bone. This inlay component is also all-polythylene and
requires cement for fixation, but does not utilize pegs or a keel as do most onlays. The
inlay is simply a disc that is press-fitted into the reamed out glenoid cavity and secured in

74

place with cement. This component is intended to simply articulate and interface with
the humeral cap resurfacing component.
Comparing the design of the two glenoid components, the DJO onlay glenoid has
an approximate ellopsodial surface area of 707 mm2 while the circular Arthrosurface,
Inc.® inlay is much smaller with an approximate surface area of 314 mm2. Also shown
in Figure 5.7 is the larger concavity of the DJO onlay component in comparison to the
relatively flat Arthrosurface, Inc.® inlay component. Both of these characteristics will
play a role in this study.
It is these two shoulder systems that represent the experimental conditions to
which the present study is applying a compressive load at specific abduction angles for a
displacement range of ±5 mm within the glenohumeral joint. Additional procedural
details are discussed in the following section.
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CHAPTER SIX
PROCEDURES AND PROTOCOL DEVELOPMENT
Utilizing the materials and testing systems that were just presented, development
of the current study began with protocol development through key clinical collaboration.
Once aims were agreed upon, the experimental work began to develop effective protocols
and procedures, first looking at the effect of the onlay versus the inlay glenoid on
glenohumeral contact area and contact pressure and then concluding with the effect of the
onlay versus the inlay glenoid on implant loosening.

6.1. Clinical Involvement
Collaboration between Steadman Hawkins Clinic of the Carolinas (SHCC) and
the Frank H. Stelling and C. Dayton Riddle Orthopaedic Education and Research
Laboratory of the Clemson University Bioengineering Department was the backbone of
the current study. SHCC introduced the clinical need to better understand the differences
in edge loading between the inlay and onlay glenoid component. This stemmed from the
need to assess active patients who require a total shoulder arthroplasty but specifically a
desire a return to sports like weight lifting. These patients experience articular damage
on both the glenoid surface and the humeral chondyles, which both require replacements.
These would include a humeral component (either the stemmed humeral component
coupled with the humeral head or a less invasive humeral resurfacing cup) and a glenoid
component (either the cemented, all-polyethylene pegged onlay component or the
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cemented, all-polyethylene inlay component). For the purposes of this study, it was
agreed upon that the onlay system include the stemmed humeral component with humeral
head and the onlay glenoid component, and the inlay system include the humeral cup and
the inlay glenoid component.
Because each shoulder system was designed by a different company, the project
collaboration extended to the makers of both shoulder systems. Don Joy Orthopedics, the
makers of the Turon Modular Shoulder System (onlay system) and Arthrosurface, Inc.®,
the makers of HemiCAP Glenoid Resurfacing (GRS) shoulder system (inlay system)
were involved in supply of the implants and surgical training of implantation procedures.

6.2. Effect of Onlay Versus Inlay on Glenohumeral Contact Area and Contact Pressure
In order to obtain the relationship between the shoulder system type (inlay versus
onlay) and glenohumeral contact area and contact pressure, the specimens were first
radiographically imaged. This pre-loading image was used simply to identify the bone
quality and any abnormalities. Following additional sample preparation, the humerus and
scapula were mounted on the customized testing apparatus and prepared for preimplantation testing. Because anterior-posterior testing was not conducted at this time,
only the set-up shown in Figures 5.3 and 5.4 was used. However, other testing conditions
were varied between superior-inferior testing and anterior-posterior testing to zeroin on
specific loads and cycles by which to test the specimens for a future study. These
differences will be noted throughout and can be seen in Table 6.1, which shows the
testing conditions of superior-inferior tesing and later, Table 6.2, which shows the testing
conditions of anterior-posterior testing.
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Table 6.1 Overview of the superior-inferior testing procedures completed on each shoulder specimen
Superior-Inferior Testing
O-1 (ONLAY-1)
I-2 (INLAY-2)

I-1 (INLAY-1)
Test
Method
1
Pre-Implantation
2
3
1
Post-Implantation,
2
Pre-Cyclic Loading
3
Cyclic Loading
4
1
Post-Implantation,
2
Post-Cyclic Loading
3
4
Fatigue Cyclic
4
Loading
4

Load [lbs]

Cycles [#]

5
5
5
5
5
5
20
5
5
5
−
−
−

Load [lbs]

3
1
1
3
1
1
1000
3
1
1
−
−
−

Cycles [#]

5
5
5
5
5
5
20
5
5
5
−
−
−

Load [lbs]

3
1
1
3
1
1
1000
3
1
1
−
−
−

Cycles [#]

5
5
5
5
5
5
20
5
5
5
−
−
−

O-2 (ONLAY-2)
Load [lbs]

3
1
1
3
1
1
1000
3
1
1
−
−
−

Cycles [#]

5
5
5
5
5
5
20
5
5
5
−
−
−

3
1
1
3
1
1
1000
3
1
1
−
−
−

Note: *VL=cycle at which loosening is visible

The Tekscan pressure sensor was inserted into the glenhohumeral joint and secured in
place on the glenoid. Before the specimen could be tested, the Tekscan sensor required
linear point calibration and application of the maximum load to be seen by the system.
For superior-inferior testing, this load was the 5 lb (22 N) weight that applied the joint
compression force. Once the sensor was calibrated, the glenoid boundary was mapped on
the sensor by recording the application of pressure along the circumference of the glenoid
rim. This provided a trace of the entire glenoid region. Following calibration and
mapping of the Tekscan sensor, Tests 1-3 were conducted: ±5 mm for three cycles, +5
mm hold, and -5 mm hold. These three WaveMatrix tests were conducted and a Tekscan
sensor map recording was obtained for each trial. Each individual recording was a
documented movie that mapped the locations of contact area and magnitude of contact
pressure applied at these locations. These recordings were the pivotal cornerstone of the
data obtained from this study. From these recordings, the contact area and contact
pressure were mapped by loaded region and were then compared to the contact area and
contact pressure when the humerus was at its neutral resting state at the center of the
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glenoid fossa. The results for contact area and contact pressure are displayed as the
increase from the unloaded, neutral resting state to the loaded state. This was the
standard representation of all results of this study.
Following execution of the pre-implantation tests, the shoulder specimens were
implanted with their respective implants. All right shoulders were implanted with the
DJO onlay shoulder system and all left shoulders were implanted with the Arthrosurface,
Inc.® inlay shoulder system. The left shoulder of each matched pair was implanted with
the inlay system and the right shoulder of each matched pair was implanted with the
onlay system. All components were cemented and then CT scanned to ensure proper
implant placement and to assess cement mantle integrity. It was necessary to obtain this
post-implantation image of the joint to possess a standard by which to compare with
those after loading.
The specimens were returned and mounted onto the customized testing apparatus.
Because the Tekscan sensor could not be kept on the specimen during implantation of the
prostheses, the sensor was re-positioned on the glenoid. The sensor was re-calibrated,
using the linear point calibration at a maximum of 5 lb (22 N), and the glenoid boundary
was re-mapped. Under the same compressive load as the pre-implantation tests of 5 lb
(22 N), Tests 1-3 were again conducted. Once these test conditions were completed, the
Tekscan sensor was removed from the joint and the joint compressive load was increased
to 20 lbs (89 N). Test 4 was performed, articulating the humerus ±5 mm at a rate of 10
mm/s for 1000 cycles. This test was intended to induce some degree of cyclic fatigue on
the glenoid component, as this has been determined to be the most common complication
of TSA in the form of the rocking horse loosening phenomenon.
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Following the conclusion of Test 4, the Tekscan sensor was re-inserted in the
glenohumeral joint, re-calibrated, and the the glenoid boundary was re-mapped for a final
time. The compressive joint load of 5 lb (20 N) was applied to the system and Tests 1-3
were performed. At the conclusion of the testing, the specimens were then re-imaged
using a clinical CT scanner for a post-loading image and were analyzed accordingly.
It was at this point that the suggestion was made to include anterior-posterior edge
loading in the pilot study. It was agreed upon between the research partners to test the
specimens in the anterior-posterior direction to grasp the mechanical set-up and obtain a
baseline mapping of the glenoid. It was also agreed upon to increase the joint
compressive force from 5 lbs (22 N) to 20 lbs (89 N). These anterior-posterioer testing
conditions are outlined in Table 6.2.
Table 6.2 Overview of the anterior-posterior testing procedures completed on each shoulder specimen
Anterior-Posterior Testing
O-1 (ONLAY-1)
I-2 (INLAY-2)

I-1 (INLAY-1)
Test
Method
1
Pre-Implantation
2
3
1
Post-Implantation,
2
Pre-Cyclic Loading
3
Cyclic Loading
4
1
Post-Implantation,
2
Post-Cyclic Loading
3
4
Fatigue Cyclic
4
Loading
4

O-2 (ONLAY-2)

Load [lbs]

Cycles [#]

Load [lbs]

Cycles [#]

Load [lbs]

Cycles [#]

Load [lbs]

Cycles [#]

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

−
−
−
−
−
−
−

20
20
20
75
75
75

3
1
1
1000
1000
500
*VL= not seen

20
20
20
75
75
−

3
1
1
1000
1000
−
*VL=1668

20
20
20
75
75
75

3
1
1
1000
1000
5000
*VL= not seen

20
20
20
50
50
75

3
1
1
1000
1000
1000
*VL=2193

Note: *VL=cycle at which loosening is visible

Because the implants had already been surgically placed, the only testing that could be
performed was that of post-implantation loading. The scapula was positioned on its side
as was shown in Figure 5.5 and the Tekscan pressure sensor was calibrated and mapped
using the new maximum load of 20 lbs (89 N). Tests 1-3 were then conducted: ±5 mm
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for three cycles, +5 mm hold, and -5 mm hold, respectively. With the flipped mechanical
set-up, the humerus was articulated ±5 mm along the anterior-posterior axis and the
recordings were saved for further analysis. This concluded the testing that aimed to
analyze the effect of the onlay versus the inlay shoulder system on the contact area and
contact pressure of the glenohumeral joint.

6.3. Effect of Onlay Versus Inlay on Implant Loosening
Following post-implantation testing in the anterior-posterior direction, fatigue
testing to clinical loosening was completed. However, due to the limitation of total
number of specimens, only one testing direction was tested with aims to induce clinical
loosening. The most common direction of shoulder instability is associated with
posterior dislocations and due to the motion of a benchpressing weightlifter, the anteriorposterior direction was used for this aim.
The same anterior-posterior set-up as shown in Figure 5.5 was used for the
clinical loosening test. The testing apparatus was loaded with either 50 lbs (222 N) or 75
lbs (334 N) joint compression force, depending on the specimen. The load applied for
each specimen is shown in Table 6.2. Only Test 4 was utilized, in 1000 cycle segments
of ±5 mm at 10 mm/s until clincal loosening was seen. The cycle at which this clinical
loosening was documented in Table 6.2, as well as in the following section of results.
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CHAPTER SEVEN
RESULTS
The first aim of this study sought to demonstrate if the inlay glenoid design
promotes and increases load-sharing with surrounding native glenoid bone compared to
the onlay design. This was evaluated in an assessment of how glenohumeral contact area
and contact pressure differ between the inlay and onlay glenoid component. The third
aim of this study sought to determine if the inlay glenoid design shows less potential for
the rocking horse mode of failure than the onlay design. This was evaluated under cyclic
fatigue loading until clinical loosening was seen.

7.1. Glenohumeral Contact Area and Contact Pressure
To analyze the contact area and contact pressure within the glenohumeral joint,
the specimens were tested in directions of motion along the superior-inferior axis and
anterior-posterior axis.
Superior-Inferior Testing
Representative samples of cyclic loading of the shoulder specimens postimplantation in the superior-inferior direction are shown in Figure 7.1. The mapped
region shows the glenoid region that is in contact with the humeral head during
articulation of the ±5 mm displacement. This contact area is intensified in color based on
the contact pressure applied at that point. The calibrated pressure scale displays the
legend of respective colors, with pink being 3+ MPa and every color step decreasing
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thereafter by a difference of 0.19 MPa. It can be seen that both I-2 and O-2 experienced
slighly more expansive contact area across the entire glenoid surface than did I-1 and O1. This was most likely due to the size differences in the specimens. Specimen 2 was a
much smaller specimen so the concavity of the native glenoid is more congruent. The
specimen size differences, however, are not seen with respect to the ±5 mm superiorinferior displacement. The same sized glenoid implants were used in all shoulders so
regardless the size of the specimen, the same inlay and onlay was implanted. This is seen
by the relatively same sized onlays and glenoid surface outlines in Figure 7.1.
!

A"

C"

B"

C"

B"

A"

D"
!

Figure 7.1 Samples of Tekscan peak contact pressure maps of cyclic loading in the superior-inferior
direction of (A) I-1, (B) O-1, (C) I-2, and (D) O-2. The gray square represents the edge of the sensing
matrix. The red outline represents the edge of the native glenoid. The white outline represents the edge of
the implant. Where the red and white cross over, the onlay glenoid covers the entire surface of the glenoid.

The elliposodial glenoid is shown by the red outline while the edge of the Tekscan
sensor is shown by the gray box. It can be seen that the gray box does not always cover
the entire surface of the glenoid. In I-1 and O-1, the sensor had to be tilted at an angle to
avoid interference from the acromion and coracoid process above the glenohumeral joint.
The I-2 and O-2 specimens, however, were small enough that the acromion and coracoid
process did not impede the sensor, but even with the sensor positioned parallel with the
gelnoid height, it was still not large enough to cover the glenoid. In I-1 and I-2, the inlay
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implant is shown by the white outline and the natural glenoid is shown by the red outline.
In O-1 and O-2, the onlay implant is shown by the red and white line, because the onlay
implant covers the entire surface of the glenoid. The center of force of the entire cycle is
shown by the gray and white diamond; however, this is often skewed by the starting point
relative to the sensor and where the humerus sits in the glenoid. The center of force for
both I-1 and O-1 specimens sits just off the center of glenoid to the inferior and anterior
edges, respectively. The center of force for both I-2 and O-2 is more centrally located
with respect to the glenoid surface. This center of force is recorded throughout the
superior-inferior movement, generating a center of force trajectory, shown by the gray
and white track lines. The center of force trajectory for both I-1 and O-1 is characterized
by an anterior change in direction as the humerus approaches the inferior edge. Both I-2
and O-2 show fairly consistent superior to inferior center of force trajectories. This
suggests precise ±5 mm superior to inferior displacement control by the materials testing
machine.
The sensor maps displayed in Figure 7.1 were analyzed using a software that had
the ability to select a region of interest and display data for that region. For superiorinferior testing, these regions were boxes that captured the peak contact areas and
pressures at the superior and inferior edges of the glenoid. Data for these regions can be
seen for each specimen in Appendix D. Analysis of the I-1 superior and inferior edges
relative to the loading conditions of pre-implantation, post-implantation pre-cyclic
loading, and post-implantation post-cyclic loading can be seen in Figure 7.2. This
represents a sample of the superior-inferior testing that was completed for this thesis to
further develop the study protocol.
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Figure 7.2 Sample representation of the average edge loading contact area versus contact pressure for I-1 at
10 degrees abduction

Figure 7.2 illustrates the relationship between average glenohumeral edge loading
along the superior-inferior axis and contact area and contact pressure throughout the
duration of the study. There is an evident decrease in inferior edge contact area following
TSA (22.73 mm2). Even after 1000 superior-inferior cycles of loading with 20 lbs joint
compression, the inferior edge contact area decreased another 27.67 mm2. Because area
and pressure are inversely proportional, inferior edge contact pressure increased
following implantation (0.83 MPa) and increased another 0.24 MPa following the 1000
cycles of loading.
Comparing within the edge loading represented by Figure 7.2, differences were
present between superior and inferior edges. The pre-implantation inferior edge contact
area was nearly twice as high as the superior edge contact area (26.4 mm2) while the
pressure between inferior and superior edges was exactly the same at 0.66 MPa. Between
the post-implantation, pre-cyclic loading, the inferior edge also had a higher contact area
(13.5 mm2 more) and higher contact pressure (0.98 MPa more) than the superior edge.
Lastly, after cyclic loading the superior edge had 26.5 mm2 more contact area and 1.13
MPa less contact pressure than the inferior edge.

85

Within each of these tests (pre-implantation, post-implantation pre-cyclic loading,
and post-implantation post-cyclic loading), the degree of abuction was increased from
10° to 30° and again to 60°. A sample of this data is shown, once again from the I-1
specimen, comparing the edge loading contact area and contact pressure for these varying
degrees.
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Figure 7.3 Sample representation of the edge loading contact pressure versus contact area for I-1 at 10
degrees, 30 degrees, and 60 degrees vertical abduction

With increasing angle of abduction, it can be seen in Figure 7.3 that in general, contact
area decreased and contact pressure increased. The largest decrease in superior edge area
occurred between 30° and 60° with a difference of 3.33 mm2 while the largest increase in
superior edge contact pressure also occurred between 30° and 60° with a difference of 0.6
MPa.
Again, comparing within the edge loading represented by Figure 7.3, differences
were present between superior and inferior edges. The average contact area of the
superior edge was nearly twice that of the inferior edge, while the inferior edge contact
pressure was nearly twice that of the superior edge. The inferior edge contact area at 30°
was more than twice the area at 10°. However, if the 30° inferior contact area was
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removed, the specimen as a whole would follow the trend of decreasing contact area and
increasing contact pressure with increasing abduction angles.
Anterior-Posterior Testing
Similar to Figure 7.1, a representative sample of cyclic loading of the shoulder
specimens post-implantation in the anterior-posterior direction is shown in Figure 7.4.
Again, the mapped region shows the glenoid region that is in contact with the humeral
head during articulation of the ±5 mm displacement. The contact area shown in these
samples however, is based off a different calibrated pressure scale with 8.90+ MPa being
pink and every color step decreasing thereafter by a difference of 0.56 MPa. As was the
case in the superior-inferior direction, the sensors (gray box) do not cover the entire
surface of the glenoid (red ellipsoid). However, all sensors were aligned to be parallel
with the long axis of the glenoid height. The white outline displays the location of the
inlay implant in I-1 and I-2 but for O-1 and O-2, the red and white outlines overlap
because the onlay covered the entire surface of the glenoid.

Figure 7.4 Samples of Tekscan peak contact pressure maps of cyclic loading in the anterior-posterior
direction of (A) I-1, (B) O-1, (C) I-2, and (D) O-2. The gray square represents the edge of the sensing
matrix. The red outline represents the edge of the native glenoid. The white outline represents the edge of
the implant. Where the red and white cross over, the onlay glenoid covers the entire surface of the glenoid.
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The center of force for all the specimens is fairly consistent, showing the gray and
white diamond in a central location of the glenoid. However, this center of force’s
trajectory during the ±5 mm displacement is not consistent between specimens.
Although both inlays and onlays were tested on a ±5 mm displacement range, the inlays
do not show the same length of center of force trajectory as do the onlays. O-1 and O-2
show fairly consistent horizontal anterior to posterior tracking of the center of force
whereas I-1 and I-2 both show slightly upward curved trajectories. It can be seen that as
the humerus articulated to either the anterior or posterior edge, the center of force would
move slightly inferiorly.
The regions of interest that were focused on from Figure 7.4 were the anterior and
posterior edges of the glenoid. Data for theses anterior-posterior regions of interest can
be seen in Appendix D. When the cyclic loading tests were recorded on the Tekscan
sensors, the appropriate region was boxed and analyzed accordingly. These regions can
be compared to the hold tests that articulated the humerus to the region of interest and
held it in place for 10 seconds. As shown in Appendix D, the cyclic tests were
consistently comparable to those of the hold tests in both contact area and contact
pressure. However, key results are shown by the different regions of interest. The
anterior edge region of interest and posterior edge region of interest are compared in
Figure 7.5.
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Figure 7.5 Comparison of contact area between posterior and anterior cyclic loading between all shoulder
specimens at 30 degrees abduction

I-1 is noted as having the lowest magnitude of contact area both on the anterior and
posterior edges, however, the difference between the two edges is the smallest of all the
specimens (1.64 mm2). The effect was not as evident during the anterior test as it was
during the posterior test, however, when averaged together, the contact area of I-1 is still
12.34 mm2 less than its matched pair, O-1. The I-1 specimen was also noted as moving
within the scapular fixture during anterior-posterior testing. This movement was greater
in cyclic testing than hold testing due to the constant movement, which is shown in
Appendix D.
Of the remaining specimens, the onlays experienced the largest difference
between the posterior and anterior contact area with O-1 experiencing a difference of
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2.17 mm2 and O-2 a difference of 5.67 mm2. It is also seen that depending on the
specimen, a respective edge contact area is consistently larger: in Specimen 1 (I-1 and O1), the anterior edge has a higher contact area and in Specimen 2 (I-2 and O-2), the
posterior edge has a higher contact area.
Eliminating I-1 due to the lack of scapular fixation and averaging the posterior
and anterior contact areas, Specimen 2 experienced considerably higher contact area on
the inlay (I-2: 28 mm2) than the onlay (O-2: 23.84 mm2).
The relationship between posterior and anterior edge loading was also compared
by average contact pressure. This comparison is shown in Figure 7.6.
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Figure 7.6 Comparison of contact pressure between posterior and anterior cyclic loading between all
shoulder specimens at 30 degrees abduction
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I-1 has the highest magnitude contact pressure relative to the other specimens, as well as
the highest difference (1.87 MPa) between posterior and anterior edges. However, this is
not as evident during the anterior test as it is during the posterior test, but when edge
loading is averaged to 6.345 MPa, I-1 is still 3.18 MPa larger than the average edge
loaded contact pressure of O-1. The second largest difference between anterior and
posterior contact pressure during cyclic loading was in O-1 with a difference of 1.63
MPa. Specimen 2 (I-2 and O-2) was extremely consistent with differences of less than
0.1 MPa between the anterior and posterior edges for both the inlay and the onlay. All
specimens did experience at least slightly higher contact pressures on the posterior edge,
except for O-2, which expressed a slightly higher contact pressure (0.1 MPa) on the
anterior edge.
If only slight, the comparison between the inlay and onlay of the Specimen 2
shows that the average contact pressure between posterior and anterior edges was higher
in the onlay (O-2: 3.13 MPa) versus the inlay(I-2: 3.02 MPa).
7.2. Implant Loosening
To determine which implant exhibited earlier clinical loosening, Test 4 returned
the following results shown in Table 7.1.
Table 7.1 Comparison of the number of fatigue loading cycles of each specimen and at which cycle clinical
loosening was observed

Fatigue Cycles
Visible Loosening

I-1
2500
−

O-1
2000
1668

I-2
2500
−

O-2
3000
2193

The onlay specimens were tested by fatigue loading with 50-75 lbs of joint compression
force before the inlay specimens. Clinical loosening was observed in O-1 at cycle 1668
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with 75 lbs applied for all 2000 cycles. O-2 saw clinical loosening at cycle 2193 with 50
lbs applied for the first 2000 cycles and 75 lbs for the last 1000 cycles. It was necessary
to determine if the inlay specimens saw clinical loosening before the onlays, so each was
cycled for 2500 cycles with 75 lbs applied. No clinical loosening was seen for either
inlay specimen.
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CHAPTER EIGHT
DISCUSSION
The results in this study show relationships that both agree and disagree with what
has been noted in literature. Reasons for each of these relationships are described and
further analyzed in hopes to apply these comparisons to the average inlay and average
onlay shoulder arthroplasty.

8.1. Superior-Inferior Analysis of Glenohumeral Contact Area and Contact Pressure
It is well documented throughout literature that after TSA, contact area decreases
and contact pressure increases within the glenohumeral joint. This relationship was
generally confirmed on average edge loading of the specimen I-1 during 10° abduction
throughout the progression of the study. After implantation of the inlay glenoid, it was
noted that contact area decreased and contact pressure increased. This inverse
relationship between contact area and contact pressure within the glenohumeral joint
agreed with literature such as Shapiro et al who also found this relationship to hold true
with neutral and 15° retroverted glenoids (Shapiro, McGarry, Gupta, Lee, & Lee , 2007).
However, the current study did not alter version of the glenoid, but instead just agreed
that after TSA, glenohumeral contact area decreases and contact pressure increases. This
relationship could only be confirmed in the superior-inferior direction, because preimplantation contact area and contact pressure was not determined in the anteriorposterior direction of motion. However, this relationship can be tested in a future study
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in which both superior-inferior and anterior-posterior directions are mapped prior to
implantation of the prostheses.
Literature also points to a relationship between glenohumeral contact pressure and
contact area with varying orientation of the humerus. Most previous studies alter this
orientation in multiple directions, horizontal and vertical abduction along the axis of the
humeral shaft, and often times internal and external rotation of the humeral head. It was
found by Gupta and Lee that with increased horizontal adduction, there was a significant
decrease in contact area and increase in contact pressure (Gupta & Lee, 2005). This
relationship was also found by Schamblin et al who compared contact area and contact
pressure within the glenohumeral joint for a range of abduction and adduction angles that
were similar to the present study (Schamblin, Gupta, Yang, McGarry, McMaster, & Lee,
2009). However, the present study focused on increasing degree of humeral abduction,
through 10°, 30°, and 60° but similar results to those in literature were noted in the
current study. It was found that with increasing glenohumeral abduction, contact area
decreased and contact pressure increased. This agreed with literature published by Greis
et al who compared the contact pressure within the native joint at 30°, 60°, and 90°
vertical abduction (Greis, Scuderi, Mohr, Bachus, & Burks, 2002). These tests were
completed in the same plane as the current study. Larger loads were applied to native
shoulders and not TSA shoulders in the Greis et al study, but it was found that with
increasing loads and increasing abduction angles, the peak contact pressure increases
(Greis, Scuderi, Mohr, Bachus, & Burks, 2002).
It is confirmed that with an increasing vertical abduction angle, the glenohumeral
contact area decreases and contact pressure increases. This is possibly due to the
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increased congruency of the humeral head in the shallow glenoid cavity with increased
abduction angle. The study by Peat noted that the only position in which the joint is
close-packed is when the humerus is abducted and rotated laterally (Peat, 1986). The
first of these conditions was satisfied in the current study, and so it is noted that the
humerus fits in the glenoid better with increased abduction. This is shown by the
decrease in contact area and increase in contact pressure within the joint as was shown by
Figure 7.3.
This joint congruency is also dependent upon the size of the specimen and its
glenoid concavity. As was shown in Figure 7.1, the expanse of area loaded in Specimen
2 (I-2 and O-2) was much larger than that of Specimen 1 (I-1 and O-1). This is most
likely due to the fact that Specimen 2 was a much smaller specimen and that the same
sized glenoid components were implanted in all specimens. I-2, the specimen that retains
the surrounding tissue, was shown to have the larger expanse of area loaded in
comparison to I-1 because the glenoid cavity was smaller and more congruent with the
humeral head. This is evident in the sensor map of I-2 in Figure 7.1.
Gupta and Lee also noted an increase in posterior forces with increased horizontal
adduction (Gupta & Lee, 2005). However, because only vertical abduction angles were
varied in superior-inferior testing, this increase in posterior force could not be confirmed
in the present study. However, this could be possible if a future study deemed it
necessary to expand the variance in angle of vertical abduction and horizontal abduction
to both superior-inferior and anterior-posterior testing. However, Schamblin et al has
already confirmed this finding that 30° vertical abduction showed increased posterior
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edge loading in comparison to the 60° abduction (Schamblin, Gupta, Yang, McGarry,
McMaster, & Lee, 2009).
In comparison to the inferior edge, the magnitude of glenohumeral contact area
was significantly higher on the superior edge for all angles of abduction while the
glenohumeral contact pressure was significantly lower on the superior edge. This is most
likely due to improperly centered placement of the humeral head at the start of the test.
However, if proper placement of the huermal head is confirmed before each test, a
comparison similar to the findings of Schamblin et al could identify any clear significant
difference between superior and inferior edge loading.
Also evident in Figure 7.1 are limitations that weakened the superior-inferior
results. Foremost, the size of the sensor matrix does not cover the entire glenoid surface.
Even when the sensor was tilted to account for anatomy interference, the contact area and
contact pressure often trailed off of the sensor and went undocumented. Only the best
sample specimens were shown in Figure 7.1, but most of the superior-inferior testing
experienced the problem of the sensor not recording the actual peaks at the glenoid edge
and instead only the peaks at the edge of the sensor. These results are noted in Appendix
D. Entire tests could not be completed, especially for the larger specimen of Specimen 1
(I-1 and O-1), in which the superior or inferior hold tests did not allow for any result of
edge loading, not even on the edge of the sensor. It was determined that the majority of
this data could not be used towards achievement of the study aims. Any uncalibrated
data or recordings that were ill-calibrated were also not included.
Overall, the superior-inferior testing of the glenohumeral joint confirms that the
testing was consistent between both cyclic and superior and inferior hold tests. The well-
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documented relationships between contact area and contact pressure are re-affirmed in
this study. With increasing glenohumeral abduction angle, contact area decreases and
contact pressure increases. In comparison to the native shoulder, the glenohumeral
contact area decreases and contact pressure decreases after a TSA. Other relationships
were assessed in the anterior-posterior direction.

8.2. Anterior-Posterior Analysis of Glenohumeral Contact Area and Contact Pressure
The suggestion to test in the anterior-posterior direction came after the conclusion
of all the superior-inferior testing. Because anterior-posterior testing was completed
nearly a month after superior-inferior testing, some challenges came about that were not
an issue during superior-inferior testing. However, with the extended time,
improvements to the procedure were made, many of which were already noted in Chapter
Five: Materials and Chapter Six: Procedures and Protocol Development. A main
procedural improvement can be seen in Appendix D that the consistency between cyclic
and hold tests was evident throughout all anterior-posterior testing. A slight difference
was usually noted in favor of the cyclic tests, due to the data analysis method that
captured the frames leading into the respective edge during cyclic loading but captured
only the peak frames during the hold tests. This, however, was the least of the challenges
when it came to anterior-posterior testing. These challenges will be addressed in this
discussion.
Similar to a challenge experienced in superior-inferior testing, the Tekscan Model
4000 sensor was not large enough to cover the entire glenoid surface. However, in the
anterior-posterior direction, there were very few occurances of the contact area and
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pressure going off of the sensor, unlike that of the superior-inferior testing. If future
testing were to be completed in only the anterior-posterior direction, the Tekscan Model
4000 sensor would still be appropriate to use.
Another major challenge was freshness of the cadaver specimens. An understood
rule when working with cadavers is a three day limit between freezes. However, there
has been little research delving into how refreezing of a specimen affects its mechanical
properties, especially when looking at contact area, contact pressure, and a loosening
phenomenon of an implant. These specimens were utilized for almost three months so
constant cycles of refrigeration and refreezing took their toll on the specimens. The most
obvious was that of natural tissue degradation, but another was fixation within the
scapula and humerus alluminum alloy fixtures. As the natural tissue degraded over time
and with inconsistent exposure to testing and refrigeration and freezing, the tissue volume
decreased in size, creating space that allowed for movement within the potting resin. The
resin properties may also have been affected by the multiple rounds of thawing and
refreezing. Movement within the potting fixture was most noted in specimen I-1. It
visibly moved during anterior-posterior testing, and this is confirmed by the data. I-1
consistently experienced the lowest magnitude contact area and highest magnitude
contact pressure. Movement within the scapular fixation box was the most visible reason
for this decreased contact area and increased contact pressure, but there persisted another
challenge that affected I-1.
Figure 7.4 examines samples of sensor maps for each specimen, and it can be seen
that the center of force trajectories of the inlay specimens appear much shorter and
slightly curved upward in comparison to the sensor maps of the onlays. The upward
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trajectory is most likely explained by the humerus settling within the inlay implant during
articualtion, but the shorter trajectory needs further explanation. Upon physical
examination of the specimens following anterior-posterior testing, it was seen that the I-1
inlay was not completely flush with the surrounding tissue. I-1 is displayed in Figure 8.1,
and shows the inlay glenoid component sits just above the surrounding tissue.

A

Figure 8.1 A posterior view of specimen I-1 showing the slightly raised implanted inlay glenoid
component at (A)

This created an effect that demonstrated properties of an onlay that sits proud to the
surrounding tissue. This is shown by the decrease in articulation length. As the humeral
head articulates across the surface of the glenoid, it reaches the peak of its cycle, pauses
just briefly, to switch directions and returns to the other edge. When the head of the
humerus pauses at its peak, only the most medial side of the humeral head is in contact
with the inlay while the lateral cannot touch a surface due to the raised inlay. This
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phenomenon, shown in Figure 8.2, skews the data in a way that increases the edge
loading of the inlay in terms of an increased area and a decreased contact pressure.

A

B

Figure 8.2 Depiction of the phenomenon that occurs when the inlay does not lay flush with the surface of
the glenoid. The edge loading is misinterpreted as a false onlay in (A) when the inlay is upraised, but when
the inlay lays flush with the glenoid in (B), the appropriate edge loading is recorded.

If the inlay sat flush with the surrounding bone, as its design is intended to, there would
not be the descrepency in articulation length or edge loading of the implant. This shorter
articulation length is seen in both I-1 and I-2, but I-1 has a more heightened response in
contact area and contact pressure than I-2, for three reasons. The first is the lack of
scapular fixation. The second is the false onlay phenomenon that exhibits latent edge
loading. The third is the gelnoid rim integrity of I-2 that is shown by the data.
I-2 did have an anterior rim defect that was characterized by soft tissue while the
posterior rim was intact and allowed the inlay to sit flush with the surrounding tissue.
Unlike the I-1 inlay that was eliminated from comparison with O-2 because of its lack of
scapular fixation and upraised implantation above the surrounding tissue, the I-2 results
could be compared to the O-2 results. The softer tissue that was present at the anterior
rim defect of I-2 afforded a softer and more conforming edge for the humerus. When the
humerus articulated on the anterior edge, this soft tissue conformed to the humeral head

100

exhibiting higher contact area and lower contact pressure on the anterior edge. The
phenomonen shown in Figure 8.2 was also seen on the anterior edge of I-2 because the
defect created a false onlay effect, which is where the shorter center of force trajectory
stems from. The anterior rim defect would seem to prevent direct comparison between
the Specimen 2 (I-2 and O-2). However, when comparing the anterior rim to the
posterior rim, many similarities were present. As opposed to the anterior edge that
possessed an anterior rim defect, the posterior edge was fully intact. When contact area
and contact pressure of the posterior edge was compared to that of the anterior edge,
consistency was present, more so than many of the other specimens with on average
having the second to smallest difference between anterior and posterior edge loading. It
is also noted that the inlay sat flush with the posterior edge of the glenoid and this is
shown by the slight yet consistently higher contact area and contact pressure on the
posterior edge. This suggests that the I-2 anterior rim defect did not play as large a role
in the results as it was originally thought, permitted general comparison between the inlay
and onlay Specimen 2.
All of the same sized implants, both inlay models and onlay models, were used in
the study. However, various sized cadaveric specimens were obtained for testing, which
presents another challenge. Specimen 2 was considerably smaller than Specimen 1, as
was shown in Figure 5.2. The onlay implanted in O-1 was a better fit for the glenoid
cavity compared to O-2, while the inlay implanted in I-1 seemed small for the glenoid in
comparison to the I-2. Because the onlay was too large with respect to the glenoid size of
O-2, the results for O-2 were thought to show a falsely high contact area but correct
relative pressure. This would alter the contact area and contact pressure comparisons
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between I-2 and O-2, but because this is not conclusive in the data, it was eliminated
during analysis. Properly sized implants for each specimen would help account for these
challenges.
Another variable that was not properly accounted for was the concavity of the
glenoid and its implants. Along with the improperly sized implant, the concavity of the
implant plays a role in affecting contact area and contact pressure within the
glenohumeral joint. After all the testing had concluded, a sawbone humerus (Pacific
Research Laboratories, Inc., Vashon, WA) was examined for contact area differences on
a flat surface versus a curved surface. Rough approximations found that an average
native humeral head contacts a flat surface with an average 8 mm2 compared to a curved
glenoid surface with an average 23.61 mm2. Similarly, an average implanted humeral
head contacts a flat surface with an average 7.23 mm2 and a curved glenoid surface with
an average 10.5 mm2. These rough approximations show that the concavity of the
glenoid and its implants increases the contact area when compared to a flat surface. This
may have played a key role in the present study, but was not included and serves as an
excellent opportunity for further research. The concavity of the onlay component may be
higher than that of the inlay, which in turn may cause higher contact area as the humerus
articulates across the glenoid implant. The comparison of concavities of the native
glenoid and glenoid implants and the effect on contact area and contact pressure may
present another variable in the determination of the aims expressed in this study.
Comparing again between specimen edges, it was shown that O-1 experienced
low posterior contact area and high posterior contact pressure in comparison to the
anterior edge. Figure 7.4 shows the humerus hitting much harder on the posterior edge,
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which can be explained by the graphical results. Anteriorly, O-1 experienced high
contact area and low contact pressure, but the posterior edge experienced much lower
contact area and higher contact pressure. This is most likely due to testing error and poor
centering of the humerus in the glenoid. If centered properly, the ±5 mm articulation
should not come close to the edge of the onlay glenoid implant, but as shown in Figure
7.4 and Figure 7.6, it stresses the posterior edge. Again, the concavity differences
between the flatter center of the glenoid and the curved edges plays a role. As the
humerus unevenly articualtes across the implant, higher pressure will most likely be
noted the further it moves toward the edge where it is cupped by the glenoid. Concavity
of the glenoid seems to play a significant role in determining the glenohumeral contact
areas and contact pressures between the two implants. This topic may be worth
examining for future studies.
With respect to the study at hand, however, the challenges of anterior-posterior
testing were analyzed and appropriately eliminated from comparison, as was the case for
I-1. However, the comparison between Specimen 2 shows a consistent relationship
between contact area and contact pressure within the glenohumeral joint. Specimen 2
experienced higher contact area and lower contact pressure on the inlay (I-2) in
comparison to the onlay (O-2). If other variables had not influenced Specimen 1
(scapular fixation, false onlay phenomenon, testing errors, and poor humeral centering), a
similar relationship may have been distinguished between the inlay (I-1) and onlay (O-1)
glenoid implant. From a single specimen, it cannot be concluded that a relationship is
statistically significant, so a larger study with the following recommendations must be
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conducted before this relationship, or any between the inlay and onlay glenoid
component, can be determined.

8.3. Implant Loosening in the Inlay Versus Onlay Glenoid Component
It was determined that the onlay component experienced visible clinical loosening
before the inaly component. The inlay implants were not tested until clinical loosening
was seen because once they exceeded the cycles at which the onlays exhibited loosening,
it was determined that the inlay surpassed the onlay. However, to what degree, it is not
known. For future studies, it might be beneficial to determine the cycle at which clinical
loosening is seen in both onlays and inlays similar to Gunther et al (Gunther, Lynch,
O'Farrell, Eng (Hons), Calyore, & Rodenhouse, 2012). However, a more decisive means
of determining clinical loosening is needed. Visible loosening for the onlay glenoid
component is much easier due to its fixation on the surface of the glenoid. However, the
inlay glenoids, when properly inset to lay flush with the surrounding tissue, are extremely
difficult to see any signs of clinical loosening. Another method to determine the cycle at
which the glenoid component fails would be an improvement of this test.
Clinical loosening results were intended to be confirmed by imaging techniques
throughout the study. However, both DEXA and microCT were further evaluated and
not used in the pilot study. Dual-energy X-ray absorptiometry (DEXA) scan was
originally intended to be used in determining bone mineral density (BMD) of the
specimen, but it was later determined that this image was not needed. It was also
determined after the practice micro-CT data analysis that this imaging technique would
not be utilized for the pilot study, due to the size limitations of the scanner and gross
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sectioning of the specimens that prevented further testing. Instead, radiograph and CT
scans were the only imaging techniques used for further evaluation of clinical loosening.
However, because the pre-implantaion radiographs could not be directly compared to
post-loading CT scans, these images were removed from the analysis but examples can
be seen in Appendix A.
The results of the clinical loosening might have been affected by many variables,
the most likely of which is exposure to the elements. As was discussed earlier, the
specimens were often thawed and refrozen over a time period of three months. This
extended period of time has a likely factor on the integrity of the specimen and the
fixation of the glenoid component within the degrading osseous tissue. Other variables
included various testing conditions that each specimen experienced, all which were
detailed in Tables 6.1 and 6.2. The condition of the specimen due to its age might also
play a role in the rate at which the glenoid component loosens. These variables most
likely played a factor on the cycle at which the onlays failed, but if these variables can be
applied to all specimens equally, then it can be predetermined with the small subset of
specimens, that the onlay glenoid component loosens earlier than the inlay glenoid
component.
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CHAPTER NINE
RECOMMENDATIONS FOR FUTURE RESEARCH
Because this thesis focuses on protocol development, many recommendations
were made with respect to continuation of a larger study as well as some new concepts
for future research that will have an impact on glenohumeral research as a whole.
Imaging of the specimens was not highlighted as a focus in this study. However,
proper examination of the specimens at crucial time points is necessary to be able to
evaluate the second aim of this study that is to be measured by clinical assessment of the
implant and cement-mantle fixation at pre and post-fatigue loading using CT analysis. If
the pre-testing radiographs continue to be used for determination of any shoulder
abnormalities, then a BMD indicator should be used in conjunction with this radiograph.
Because DEXA was eliminated during practice testing, the only means of determining
the BMD of the specimen was eliminated. Instead, this quanitity must be noted and
recorded to ensure validity and consistency throughout testing. A recommendation for
use of only CT scans instead of various imaging techniques provides consistency
throughout the study. Three time points are suggested for CT images: prior to preimplantation loading, after implantation but before cyclic loading and after fatigue cyclic
loading. The three goals associated with each time point are to examine specimens for
any abnormalities, to ensure proper placement of the implants, and to examine the
cement-mantle fixation after fatigue testing. Once any images are captured, be it via
radiograph or CT image, careful examination of all specimen images must be conducted
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by an experienced clinician or technician before proceeding to the next step in testing.
Following the conclusion of testing, all images should again be analyzed by a qualified
clinician or technician to heighten the validity of any conclusions drawn from the images.
Many recommendations are related to the use of the Tekscan pressure sensor.
The current model used in the study was Model 4000, but it is suggested to use a larger
sensor, such as Model 5051 that has a 55.9 mm by 55.9 mm sensing region. This model
would capture edge loading in both the superior-inferior direction and the anteriorposterior direction.
Before any tests are conducted, proper calibration should be performed on each
sensor. One limitation of the study was that calibration was not performed at each
interval and for this reason some of the data was retrieved as raw sums instead of
measurable units. This posed a problem for any comparisons that were to be made using
these data sets. In addition, a two point calibration should be performed in place of the
linear point calibration. This two point calibration requires application of two loads: one
20% of the maximum load seen by the system and 80% of the maximum load seen by the
system. The I-Scan software then creates a power calibration curve using these two load
points to calibrate the sensor, making for a more reliable calibration in comparison to the
linear calibration.
An additional cycle of tests (Test 1-3) should be performed following visible
clinical loosening to determine any change in contact area and contact pressure following
fatigue loading. Unfortunately, the sensor cannot be placed in the joint during fatigue
loading for various reasons: the sensor integrity could be compromised by such a high
load for an extended number of cycles, meanwhile visual cues of implant loosening are
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blocked due to sensor location, making another method by which to determine
loosenening necessary.
As was utilized in all anterior-posterior tests, joint compressive load should also
be increased to 20 lb (89 N) for superior-inferior testing. This improves the pressure
reading on the Tekscan pressure sensor and allows for higher loads to be applied
comparatively for the cyclic fatigue loading. Similarly, to keep cyclic fatigue loading
consistent, the joint compressive load should be increased to 75 lb (334 N) for all
specimens.
To remove the condition of high friction between the cobalt-chromium humeral
head and the all-polyethylene glenoid component, a lubricant should be placed on the
articulation surface of both implants. This will decrease the friction associated with the
movement between the two implants, and will also decrease the shear stresses that often
are associated with with the development of osteolysis.
The average diameter of the inlay glenoid component is 20 mm while the design
of the onlay is a bit more oblong, with a height of 37 mm and an average upper width of
20 mm but average lower width of 28 mm. The current articulation range travels ±5 mm
across the surface of the glenoid . However, it is necessary to normalize the displacement
distance to the size of the specimen. The size differences between Specimen 1 and
Specimen 2 were large enough that the same displacement distance did not engage the
edges of the implants and glenoid. Different sized specimens require different sized
implants, and thus, the displacement distance to engage the edges must be normalized via
a percentage of the total available superior-inferior distance and total available anteriorposterior distance.
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The basic design differences between the inlay and the onlay could lead to further
recommendations beyond the scope of this research. The inlay glenoid component is a
20 mm diameter disk that must sit flush with the surrounding tissue. In this pilot study,
one specimen, I-1, did not sit flush with the surrounding tissue, which skewed the inlay
results with an increased magnitude contact pressure and low magnitude contact area in
comparison to all the other specimens. The gap formed between the implant and the
tissue could represent an environment that is ideal for osteolysis and eventual
radiolucencies that are indicative of component loosening. Because the inlay disk has a
much smaller diameter than the width of the onlay component, it does not cover the same
expanse of area and has an increased propensity for this gap between the tissue and
implant. At this implant-bone interface, modes of wear and signs of loosening are
exhibited. It may be an ideal suggestion to increase the diameter of the inlay implant to
account for this, but with limitations to preserve the attractiveness of the inlay design that
limits the amount of bone stock to be removed.
Pre-implantation testing should be completed in both the superior-inferior and
anterior-posterior direction. The current study did not have the ability to compare post
implantation results in the anterior-posterior direction to those of pre-implantation
because these tests were not conducted. In order to grasp how the entire glenoid region is
affected by an inlay versus an onlay glenoid component, it is necessary to obtain preimplantation results to compare to the post-implantation results in both directions.
Mapping of the glenoid boundaries was perfected throughout the study but still
has room for improvement. It was not until the anterior-posterior testing that the doublesided tape was used to secure the sensor on the glenoid. This tape, once removed
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maintained the outline of the implant, and allowed for better mapping of the boundaries.
Similarly, this should be applied to all of the tests in combination with a mapping of the
natural glenoid boundaries. This is essential because not only is the implant region
needing to be mapped, but different from the onlay, the inlay does not cover the entire
glenoid region, and therefore the interface between the inlay and the natural osseous
tissue must be noted.
The dimensions of the natural glenoid should be measured of each specimen in
addition to the concavity of each specimen’s glenoid. The total surface area of the
glenoid prior to implantation and after implantation is necessary to serve as a control and
reference for comparison. As of right now, the contact areas are not comparable to each
other unless the native glenoid total surface area is determined. The goal of data
representation would be to show the percentage of the loaded contact area per region of
the glenoid. This can only be represented if the total glenoid surface area is determined.
Additionally, concavity of the glenoid should be measured. As was previously discussed,
concavity was believed to have a large role in the contact area and contact pressure of the
glenohumeral joint during articulation in the anterior-posterior direction. Examination of
this relationship may be beneficial to furthering the understanding of the relationship
between edge loading and concavity of the natural glenoid, the onlay glenoid implant,
and the inlay glenoid implant.
Ultimately, the goal of each implant is to exceed the cycle at which the other
experiences clinical loosening. Currently, the method by which this clinical loosening is
determined is visual observation. However, a more quantitative method to determine this
clinical loosening is recommended. A new method, however, must have the capability to

110

determine edge displacement of both the onlay that sits proud to the surface as well as the
inlay that sits flush with ths surface. This method must also refrain from compromising
the integrity of the implants. It is also recommended that both inlays and onlays be tested
until clinical loosening for means of direct comparison between the cycles at which
clinical loosening is seen.
These recommendations for future research will aid in the discovery of which
glenoid component exhibits clinical fixation stability characteristics and joint-loading
associated with improved survivorship.
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CHAPTER TEN
CONCLUSIONS
Based on the limited preliminary results from the presented pilot study, few
definitive conclusions can be made. It was shown that the testing methods were
consistent with current literature. Superior-inferior glenohumeral edge loading points to
the relationship that with increasing abduction angle, contact area decreases while contact
pressure increases. This same relationship is noted following a TSA. No conclusions
concerning the study aims can be drawn from superior-inferior testing.
Edge loading in the anterior-posterior direction, however, produced results that
were significant. Edge loading in the anterior-posterior direction found slight differences
between the inlay and onlay glenoid component. Edge loading of the inlay glenoid
component was characterized by higher contact area and lower contact pressure in
comparison to edge loading of the onlay component. However, these conclusions were
based only on comparison of one specimen.
Clinical loosening of the glenoid component was seen in the onlay component
before the inlay component. However, due to cadaveric conditions, this data is not
conclusive.
Research into identifying the concavity of the native glenoid and its implants
would further the progress the work presented in this thesis. Further testing and
improvements to a larger study should be considered to confirm the preliminary
conclusions made in this study.
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CHAPTER ELEVEN
APPENDICES
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Appendix A
Sample Radiograph and CT Images

A

B

Figure A-1: Sample radiograph of (A) the right shoulder and (B) the left shoulder of Specimen 1.

A

B

Figure A-2: Sample post-implantation CT scan of (A) the right onlay shoulder and (B) the left inlay
shoulder of Specimen 1. The circled region shows the glenoid component embedded in the glenoid.

114

Appendix B
WaveMatrix Tests

Figure B-1: Step 1 of Test 1 that displays a 5 sec hold at the neutral resting point at the center of the
glenoid fossa.

Figure B-2: Step 2 of Test 1 that displays a 3-cycle ±5 mm from the neutral resting point at the center of
the glenoid fossa.
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Figure B-3: Step 3 of Test 1 that displays the return to the neutral resting point at the center of the glenoid
fossa.

Figure B-4: Step 1 of Test 2 that displays a 5 sec hold at the neutral resting point at the center of the
glenoid fossa.
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Figure B-5: Step 2 of Test 2 that displays a 10 sec hold at the +5 mm edge relative to the center of the
glenoid fossa.

Figure B-6: Step 3 of Test 2 that displays the return to the neutral resting point at the center of the glenoid
fossa.
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Figure B-7: Step 1 of Test 3 that displays a 5 sec hold at the neutral resting point at the center of the
glenoid fossa.

Figure B-8: Step 2 of Test 3 that displays a 10 sec hold at the +5 mm edge relative to the center of the
glenoid fossa.
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Figure B-9: Step 3 of Test 3 that displays the return to the neutral resting point at the center of the glenoid
fossa.

Figure B-10: Step 1 of Test 4 that displays a 5 sec hold at the neutral resting point at the center of the
glenoid fossa.
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Figure B-11: Step 2 of Test 4 that displays a 1000-cycle ±5 mm from the neutral resting point at the center
of the glenoid fossa.

Figure B-12: Step 3 of Test 4 that displays the return to the neutral resting point at the center of the glenoid
fossa.
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Appendix C
Tekscan Sensor Model 4000 Specifications

Table C-1: Tekscan Pressure Sensor Model/Map 4000 Specifications (Tekscan)
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Appendix D
Additional Results

Figure D-1: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-1 at 10’ abduction
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Figure D-2: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-1 at 10’ abduction

Figure D-3: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-2 at 10’ abduction
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Figure D-4: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-2 at 10’ abduction

Figure D-5: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-1 at 30’ abduction
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Figure D-6: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-1 at 30’ abduction

Figure D-7: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-2 at 30’ abduction
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Figure D-8: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-2 at 30’ abduction

Figure D-9: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-1 at 60’ abduction
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Figure D-10: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-1 at 60’ abduction

Figure D-11: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
I-2 at 60’ abduction
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Figure D-12: Differences in area and pressure between loaded and unloaded edges during cyclic loading of
O-2 at 60’ abduction

Figure D-13: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-1 at 10’ abduction
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Figure D-14: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-1 at 10’ abduction

Figure D-15: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-2 at 10’ abduction
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Figure D-16: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-2 at 10’ abduction

Figure D-17: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-1 at 30’ abduction
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Figure D-18: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-1 at 30’ abduction

Figure D-19: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-2 at 30’ abduction
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Figure D-20: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-2 at 30’ abduction

Figure D-21: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-1 at 60’ abduction
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Figure D-22: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-1 at 60’ abduction

Figure D-23: Differences in area and pressure between loaded and unloaded edges during a held loading of
I-2 at 60’ abduction

133

Figure D-24: Differences in area and pressure between loaded and unloaded edges during a held loading of
O-2 at 60’ abduction
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Figure D-25: Sample representation of the superior loading contact pressure versus contact area for I-1 at
10 degrees abduction
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Figure D-26: Sample representation of the inferior edge contact pressure versus contact area for I-1 at 10
degrees abduction.
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Figure D-27: Sample representation of the superior edge contact pressure versus contact area for I-1 at 10
degrees, 30 degrees, and 60 degrees vertical abduction.
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Figure D-28: Sample representation of the inferior edge contact pressure versus contact area for I-1 at 10
degrees, 30 degrees, and 60 degrees vertical abduction.
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Figure D-29: Comparison of contact area between anterior hold and anterior-edge-focused cyclic loading
between all shoulder specimens
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Figure D-30: Comparison of contact area between anterior hold and anterior-edge-focused cyclic loading
between all shoulder specimens
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Figure D-31: Comparison of contact area between posterior hold and posterior-edge-focused cyclic
loading between all shoulder specimens
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Figure D-32: Comparison of contact pressure between posterior hold and posterior-edge-focused cyclic
loading between all shoulder specimens
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Figure D-33: Comparison of contact area between posterior and anterior cyclic loading between all
shoulder specimens
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Figure D-34: Comparison of contact area between posterior and anterior hold loading between all shoulder
specimens
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